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INTRODUCTION
The use of zebrafish as a model of regenerative biology
The use of animal models for the purpose of scientific investigation has been a widely
used practice throughout history. Although each animal model system has its own advantages,
the zebrafish model has surged in popularity over recent decades because both embryological
and genetic manipulations are readily utilized in this animal. The zebrafish was first investigated
as a model system at the University of Oregon by George Streisinger in the late 1960’s. Unlike
other popular models used at the time, such as Drosophila melanogaster and C. elegans,
Streisinger strove to develop a vertebrate model to study nervous system development.
(Streisinger, Walker et al. 1981). First, Streisinger showed that zebrafish could be bred yearround in the laboratory and produced large numbers of offspring from a single mating pair. In
addition, zebrafish embryonic development is rapid and synchronous; several organ systems,
including the central nervous system, are developed by 24 hours post fertilization (hpf). Finally,
he noted that zebrafish develop externally and are nearly completely translucent in early
development, which would allow for the characterization of the neuroanatomical structure of the
zebrafish during early embryogenesis and easy detection of developmental mutants (Figure 1).
This led to pioneering work by Charles Kimmel that thoroughly characterized the developing
central nervous system of zebrafish. This was followed by work of Monte Westerfiled and Judith
Eisen, who showed that outgrowth of individual motor neuron axons could be tracked during
zebrafish development. Finally, Christiane Nuslein-Volhard and Mark Fishman solidified the
zebrafish as a genetic model system with the publication of over 4,000 mutant lines generated
through a massive forward genetic screen. Characterization of these lines clearly demonstrated
that fundamental processes in developmental biology were conserved in all vertebrates and that
zebrafish possessed the biological and genomic complexity found in higher vertebrates (Ekker
2004). As a result, the Sanger Centre initiated the full sequencing and annotation of the
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zebrafish genome, a process that is now complete. More recently, genetic techniques such as
the generation of transgenic and knockout lines have been developed.
Another advantage of the zebrafish is its ability to fully regenerate all of its major tissues
as an adult. Mammals heal damaged tissue through one of two mechanisms: repair or
regeneration. Repair can lead to inflammation, fibrosis and permanent scarring, while
regeneration is the perfect or near-perfect replacement of lost tissue. Only a few mammalian
tissues, such as blood and the liver are capable of regenerating, whereas multiple lower
vertebrates, such as the zebrafish, maintain the ability to regenerate many tissues and organs
as adults (Dinsmore 1991; Poss, Keating et al. 2003). In previous years, amphibians have been
the organism of choice for vertebrate regeneration studies. However, unlike the zebrafish, they
lack the molecular and genetic techniques needed for the systematic analysis of gene function
during regeneration (Brockes, Kumar et al. 2001; Poss, Keating et al. 2003). Therefore, as
zebrafish became a more popular model for developmental genetics, many researchers have
also utilized the zebrafish as a model for regenerative biology.
Active areas of research using the zebrafish as a model for regenerative biology fall
under four main tissue types: the fin, the spinal cord, the heart, and the retina. Adult zebrafish
regeneration was first studied in the caudal fin because it is easily accessible, surgical
amputation does not compromise survival, and it has a relatively simple structure with a limited
number of cell types (Becerra, Montes et al. 1983; Johnson and Weston 1995; Poss, Keating et
al. 2003). Following fin amputation, regeneration proceeds in three steps. First, a wound
epithelium is established within a few hours after amputation. Next, nine different cell lineages
reenter the cell cycle to contribute toward a blastema, a mass of rapidly-dividing progenitor cells
that drive fin outgrowth. Finally, differentiation of each major cell type replaces the lost fin tissue,
restoring it to its normal size and structure (Figure 2) (Akimenko, Johnson et al. 1995; Johnson
and Weston 1995; Poss, Keating et al. 2003; Thummel, Bai et al. 2006; Tu and Johnson 2011).
Current work in fin regeneration focuses on using the fin as a model for human appendage
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regeneration, including factors that speed wound healing and genetic signals that trigger
regenerative outgrowth rather than scar formation.
In 1997, a group of scientists in Germany showed that adult zebrafish have the ability to
regenerate their spinal cords (Becker, Wullimann et al. 1997). Following spinal cord resection,
neurons grew past the transection point and reinervated their target tissues, restoring
movement to the previously paralyzed fish. It is important to distinguish this form of regeneration
from that described above. Epimorphic regeneration, such as occurs during fin regeneration,
requires the formation of a proliferative blastema that creates new cells for whole tissue
replacement. In contrast, no new neurons are made during spinal cord regeneration, but rather,
existing neurons grow past the transaction point to restore function. Still, this model is of
particular interest to those researchers who study lower body paralysis following severe spinal
injuries.
The regeneration of heart muscle in the zebrafish has also been of particular interest.
When mammals experience loss or damage to cardiac muscle, the damaged area undergoes
fibrosis, rendering it incapable of functioning properly (Kuhl and Kuhl 2011). In contrast,
zebrafish are able to fully regenerate amputated heart tissue (Poss, Wilson et al. 2002). This is
accomplished by the dedifferentiation of intact cardiomyoctes, which serve as the sole source of
progenitor cells during heart regeneration (Jopling, Sleep et al. 2010). Interestingly, when a
zebrafish heart is damaged, Fibronectin is deposited in order to establish an extracellular
environment, indicating that zebrafish cardiomyocytes have the ability to become both fibrotic
and a source of stem cells for regenerative outgrowth (Wang, Karra et al. 2013). Revealing the
signals that regulate this fate decision remains an active area of research.
Finally, Vihtelic and Hyde demonstrated that adult zebrafish have the ability to
regenerate retinal tissue. Constant intense light exposure was used to damage rod and cone
photoreceptors of adult albino zebrafish. Four days following light exposure, clusters of
proliferating cells were observed in the inner retina, which then subsequently migrated to the
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outer retina to replace the lost photoreceptors. Twenty-eight days after light exposure,
histological analysis indicated a near full replacement of retinal photoreceptors, and behavioral
analysis indicated that visual function was restored (Vihtelic and Hyde 2000). As will be
discussed in much greater detail below, this important finding laid the foundation for future
analysis of the cellular and genetic mechanisms that underlie the regeneration of retinal tissue.
Zebrafish represent an ideal model to study retinal regeneration due to its homology to
the human retina in structure, cellular organization, and function (Figure 3). The adult retina is a
laminated structure composed of three cellular layers, which contain seven major cell types of
retinal neurons, and two plexiform layers, which are the locations of the neuronal synapses. The
ganglion cell layer (GCL) is the innermost cellular layer. Axons form these neurons make up the
nerve fiber layer (NFL), which will become the optic nerve. Neurons in the GCL synapse with
neurons of the inner nuclear layer (INL) at the inner plexiform layer (IPL). The INL contains four
major cell types: amacrine cells, bipolar cells, horizontal cells and Müller glial cells. Rod and
cone photoreceptors, the major photosensitive cells of retina, contain specialized outer
segments with cell-specific opsins responsible for capturing light (Figure 4). Here light is
converted to an electrochemical signal that is relayed to bipolar cells in the INL, the second
order retinal neurons. Horizontal cells are interneurons lined along the OPL that directly
synapse with rod photoreceptors to act as a negative feedback loop to adjacent rods. These
cells help integrate the signals from photoreceptors. Bipolar cells can also directly synapse with
rod photoreceptors and send the signal to third order neurons, amacrine and ganglion cells.
Finally, the signal is projected through the ganglion cell axons, which form the optic nerve, to the
brain for processing. The final major cell type of the vertebrate retina is the Müller glial cell,
which is the resident glial cell of the retina. Müller glial cells will be discussed in further detail
below.
Furthermore, the relative photoreceptor densities of human and zebrafish retinas are
similar. Although the total rod:cone ratio in the human retina is 20:1, the fovea and central
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vision regions are considered cone-dominant (Curcio, Sloan et al. 1990). The zebrafish retina
does not contain a fovea, but is considered cone-dominant with a 1:3 rod:cone ratio (Takahashi,
Moiseyev et al. 2010). This is in contrast to rodent models, which are considered rod-dominant
as they possess comparatively low numbers of cones (Hemati, Feathers et al. 2005). Both rod
and cone visual pigments require isomerization of the chromophore 11-cis retinal to all-trans
retinal (Ebrey and Koutalos 2001; Heck, Schadel et al. 2003; Takahashi, Moiseyev et al. 2010).
However, cone photoreceptors have a faster response to light, and new evidence suggests that
cone-dominant retinas, such as the human and zebrafish, have an alternative isomerohydrolase
that stimulates the visual pathway independent of the retinal pigmented epithelium (Mata, Radu
et al. 2002; Muniz, Villazana-Espinoza et al. 2007; Schonthaler, Lampert et al. 2007; Takahashi,
Moiseyev et al. 2010).
Retinal Development
The structure and function of the vertebrate retina has been remarkably conserved over
millions of years of evolution. The retina is a highly specialized extension of the brain, giving rise
to both retinal neurons and glia originating from multipotent neuroepithelial progenitor cells
(Brown 1957). Neural retina formation begins at the onset of gastrulation, which occurs at about
6.5 hours post fertilization in zebrafish. This process occurs through expression of transcription
factors specific to normal eye development in overlapping domains in the neuroectoderm of the
anterior neural plate (Chow and Lang 2001; Chuang and Raymond 2002). At this developmental
stage, the presumptive forebrain is divided into three overlapping domains which will give rise to
the major subdivisions: the telencephalon, diencephalon and the optic primordia (Rubenstein
and Beachy 1998; Chuang and Raymond 2002). The expression of pax6, six3, otx2 and rx
drives neuroepithelial cells to become optic primordia, followed by outpouching from the
forebrain toward the surface ectoderm to form the optic vesicle. The optic vesicle then begins
invagination to form the optic cup, driven by the change in a transcription factor expression
profile including pax6, mitf, and pax2. Pigmentation begins in the outer layer of the optic cup,
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while the inner layer still has characteristics of neuroepithelium (Mann 1928). The inner
neuroepithelial surface of the cup will become the neural retina, and the outer surface will form
the retinal pigmented epithelium (Chow and Lang 2001; Chuang and Raymond 2002; Zuber,
Gestri et al. 2003). The apical surfaces of the neural retinal epithelium and retinal pigmented
epithelium face each other inside the optic cup, with the basal surfaces of both neuroepithelial
cell layers facing the surface ectoderm (Chow and Lang 2001).
Retinal neuroepithelial cells are spindle-shaped pseudostratified, columnar cells with
radial processes that span the epithelium. They are self-renewing, multipotent and often
referred to as neural stem cells because they provide a common origin for both neurons and glia
in the retina (Alvarez-Buylla, Garcia-Verdugo et al. 2001; Merkle and Alvarez-Buylla 2006;
Revishchin, Korochkin et al. 2008). Neuroepithelial cells also possess a distinct apical-basal
polarity (Gotz and Huttner 2005). The apical processes contribute to the formation of the outer
limiting membrane, and the basal processes contribute to the inner limiting membrane (Cajal
1960), both of which provide structural integrity to the developing retina. Further, the nuclei of
proliferating neuroepithelial cells undergo interkinetic nuclear migration; nuclei are located
basally during DNA synthesis and then translocate apically along the radial process to undergo
mitosis (Fujita and Horii 1963; Das, Payer et al. 2003; Baye and Link 2007). Therefore, the
polarity of the neuroepithelial cells allows them to perform two distinct roles: the generation of
new retinal cells, and structural support to the developing retina neurons and their neuronal
circuits (Cajal 1960; Fujita and Horii 1963; Hinds and Hinds 1974; Das, Payer et al. 2003).
Following a rapid phase of proliferation, the retinal neuroepithelium undergoes
sequential delamination as it differentiates into six classes of retinal neurons and one type of
endogenous glial cell, the Müller glial cell. Generally, cellular differentiation proceeds from the
inner to the outer retina, and from the center to the periphery of the retina (Mann 1928; Cajal
1960). There are two distinct waves of cell differentiation in all vertebrate retinas. The first sign
of differentiation occurs in the inner retina when the most internal nuclei change shape from oval
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to circular. These first cells to differentiate will become ganglion cells. Second, a wave of
differentiation will occur in horizontal cells and cones followed by amacrine and bipolar cells,
inducing differentiation of rod photoreceptors last. Because rod photoreceptors are the last born
neurons, the outer nuclear layer of the newly differentiated retina initially contains only cone
photoreceptors (Mann 1928; Cajal 1960; Blaxter 1975; Otteson, D'Costa et al. 2001; Hitchcock
and Raymond 2004). Notably, zebrafish have four distinct types of cones that express specific
cone opsin genes to allow them to be maximally sensitive to different wavelengths of light.
These include long (red), medium (green), short (blue), and ultraviolet (UV) cones, respectively
(Raymond, Barthel et al. 1993; Chinen, Hamaoka et al. 2003). This newly generated, all-cone
retina is subsequently transformed into the mature retina that contains both rods and cones
(Otteson and Hitchcock 2003).
Müller glia are specialized radial glia cells specific to the retina. Müller glia nuclei reside
in the inner nuclear layer and glial cell processes extend apically and basally to provide
metabolic and structural support for retinal neurons (Sarthy 2001; Bringmann, Pannicke et al.
2006; Reichenbach and Bringmann 2013). Interestingly, contrary to the belief that Müller glial
cells are the last to be generated during retinal development, they are actually among the first
cell types to show signs of differentiation, and they gradually differentiate over time while the
retinal neurons are being generated (Cajal 1972; Uga and Smelser 1973; Kuwabara and
Weidman 1974; Bhattacharjee and Sanyal 1975). This is a logical conclusion given that Müller
glial cells are critical to the structural integrity of the retina, and that as retinal neurons
differentiate they require the supportive functions of Müller glia (Willbold, Reinicke et al. 1995;
Bringmann, Pannicke et al. 2006). In the zebrafish retina, several studies have suggested that
differentiating Müller glia in the embryonic retina are not terminally mitotic, but continue to
proliferate. Earlier studies concluded that Müller glia were postmitotic because most inner retinal
cells become postmitotic at 54 hours post fertilization (hpf), and Müller glial cells expressed the
cell specific marker Glutamine Synthetase at 60 hpf (Hu and Easter 1999; Peterson, Fadool et
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al. 2001). However, subsequent studies provided evidence that zebrafish Müller glial cells
continue to proliferate following differentiation. For example, two studies using a transgenic
zebrafish reporter line, Tg(gfap:egfp), showed that GFP-positive Müller glial cells were
mitotically active at 48 hpf in the embryonic retina (Bernardos and Raymond 2006; Bernardos,
Barthel et al. 2007). A similar study showed that Müller glial cells labeled with cell specific
markers incorporated BrdU at 55 and 60 hpf (Nelson, Frey et al. 2008). Therefore, while Müller
glia differentiate early, they have a wide window of terminal differentiation, during which they
continue to proliferate.
Constant Neurogenesis of the Zebrafish Retina
The zebrafish continues to grow throughout its entire adult life leading to an overall
increased body size over time (Brown 1957). This process is largely controlled by the growth
hormone insulin-like growth factor-1 (IGF-1 axis), which has metabolic, growth-promoting and
neuroprotective activities (Boucher and Hitchcock 1998; Butler and LeRoith 2001; Hitchcock,
Ochocinska et al. 2004). In addition, unlike the limited neurogenesis found in the mammal
central nervous system, the zebrafish undergoes constant neurogenesis throughout the brain
and retina (Zupanc 2001; Adolf, Chapouton et al. 2006; Zupanc 2006; Grandel and Brand
2013). The retina enlarges through a combination of neurogenesis, intraocular expansion and
cellular hypertrophy (Johns and Fernald 1981; Fernald 1990).

In the zebrafish, the

postembryonic retina grows from two distinct sources of stem cells, Müller glial cells and a
population of multipotent neuroepithelial cells at the ciliary margin called the circumferential
marginal zone (CMZ). With the exception of rod photoreceptors, all new retinal cell types
originate from the CMZ as concentric annuli of properly laminated neurons (Hitchcock,
Ochocinska et al. 2004; Stenkamp 2011). These retinal stem cells divide asymmetrically to selfrenew and to produce progenitors, which in turn differentiate into retinal neurons as they are
pushed towards the central retina by normal growth mechanisms (Raymond, Barthel et al.
2006). The pattern of differentiation during neurogenesis recapitulates the embryonic retinal
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development, including the order of histogenesis of the retinal neurons. Further, this
postembryonic neurogenesis from the CMZ provides the majority of the neural retina observed
in the adult animal (Figure 5) (Raymond 1986; Moshiri, Close et al. 2004; Allison, Barthel et al.
2010; Stenkamp 2011). Interestingly, it has been suggested that not all progenitor cells in the
CMZ are equivalent and diversity among the population of these progenitors has been
determined by examining gene expression patterns (Perron, Kanekar et al. 1998; Hitchcock,
Ochocinska et al. 2004). Some transcription factors expressed in the CMZ that are critical for
specification of retinal fate include ascl1a (achaete-scute complex homolog1a), neurod
(neurogenic differentiation) and atoh7 (atonal homolog 7) (Zuber, Gestri et al. 2003; Raymond,
Barthel et al. 2006; Ochocinska and Hitchcock 2007; Hsieh and Yang 2009).
Post-embryonic rod photoreceptors are not generated from the CMZ, but from lineagerestricted progenitor cells originating in the INL of the differentiated retina (Johns and Fernald
1981; Johns 1982; Raymond and Rivlin 1987). As the developing teleost retina expands, there
is a reduction in the overall density of all retinal neurons except rod photoreceptors. Rod
photoreceptor density continues to increase throughout the lifetime expansion of the retina
(Johns 1982; Powers, Bassi et al. 1988), leading to the suggestion that rods must be added
throughout the lifetime of the retina (Lyall 1957). Studies using 3H-thymidine labeling revealed
that retinal progenitors of the INL formed elongated chains that migrated to the ONL, where they
continued to proliferate before differentiating into rod photoreceptors (Figure 5) (Johns 1982;
Hagedorn and Fernald 1992). These rod precursor cells originate from stem cells in the INL
and migrate apically along their elongated processes to the ONL and undergo terminal mitosis
to differentiate as rod photoreceptors (Johns 1982; Hoke 1997; Hitchcock, Ochocinska et al.
2004; Nelson, Frey et al. 2008). 3H-thymidine rod precursor cells persisted for at least 180 days,
indicating rod genesis and not turnover of rod photoreceptors (Johns 1982). This process led to
the proposal of rod photoreceptors being generated from a three-cell rod lineage. The first is the
stationary stem cells in the INL, next are the migratory progenitor cells (from the INL to the
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ONL), and finally, the rod precursor cells in the ONL (Otteson, D'Costa et al. 2001; Otteson and
Hitchcock 2003; Hitchcock, Ochocinska et al. 2004). These stages are characterized by their
nuclear morphology, migration and unique gene expression profiles. The putative stem cell is
the only stage to express the developmental regulatory gene, pax6 (Otteson, D'Costa et al.
2001). In contrast, the migratory progenitor cells and rod precursor cells both express the
proneural gene, neurod, which has been shown to be downstream of pax6 in the developing
retina (Perron, Kanekar et al. 1998; Otteson and Hitchcock 2003). However, the migratory
progenitor cells have an elongated morphology and migrate from the INL to the ONL, whereas
rod precursors are round, are restricted to the ONL, and do not migrate (Figure 6) (Otteson,
D'Costa et al. 2001; Otteson and Hitchcock 2003; Hitchcock, Ochocinska et al. 2004). Notably,
no coexpression of neurod and pax6 occurs during these stages (Ochocinska and Hitchcock
2007). Whereas Pax6 likely functions to promote the proliferation of rod progenitors, Neurod
likely functions to regulate the terminal differentiation of rod progenitors into rod photoreceptors
(Ochocinska and Hitchcock 2009; Stenkamp 2011).
Further analysis of rod lineage progenitors showed that both neurod and rx1 were
expressed in migrating progenitors, and that as the progenitors move into the ONL they express
crx and nr2e3, which is indicative of rod photoreceptor specification (Bernardos, Barthel et al.
2007; Ochocinska and Hitchcock 2007; Nelson, Frey et al. 2008; Ochocinska and Hitchcock
2009). In addition, recent studies showed that the Tg(XOPS:mCFP) transgenic line selectively
destroys rod photoreceptors without affecting cones resulting in an almost three-fold increase in
the population of rod precursors (Morris, Schroeter et al. 2005). Analysis of these transgenic fish
compared with wild-type siblings revealed selective expression of insm1a in rod precursor cells.
This expression was negatively regulated by Notch signaling, and promoted cell cycle
progression and expression of the rod differentiation genes neurod, crx, and nr2e3 (Morris,
Forbes-Osborne et al. 2011; Forbes-Osborne, Wilson et al. 2013).
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Interestingly, gene expression profiles for rod versus cone cell fate may differ between
species. In the mammalian retina, rod specification and cone suppression is controlled by a
cascade of transcription factors that includes Nrl and Nr2e3 (Swaroop, Kim et al. 2010). In
contrast, although rod and cone lineages are spatially distinct in the zebrafish retina (Stenkamp,
Barthel et al. 1997; Bernardos, Barthel et al. 2007; Nelson, Frey et al. 2008), progenitors for
rods and cones have similar molecular profiles, including expression of rx1, crx, neurod, nrl, and
nr2e3 (Nelson, Frey et al. 2008; Stenkamp 2011). However, retinoic acid (RA) and tbx2b have
been implicated in rod versus cone cell fate decisions in the zebrafish retina. Exogenous
exposure of RA to zebrafish embryos significantly increases rod photoreceptors and decreases
cones (most apparent in red cones), whereas morpholino-mediated knockdown of RA
significantly decreases rods (Stevens, Cameron et al. 2011). In addition, mutations in the tbx2b
gene results in significantly more rod photoreceptors at the expense of UV cones (AlvarezDelfin, Morris et al. 2009).
Shortly after the rod photoreceptor lineage was first described, Müller glial cells were
identified as the specialized INL stem cell source (Raymond and Rivlin 1987). BrdU or 3Hthymidine labeled rod progenitor cells were initially reported as being physically associated with
the processes of the Müller glial cells as they migrated from the INL to the ONL, and described
as matching the morphology and distribution of Müller glial cells (Raymond and Rivlin 1987;
Mack and Fernald 1993; Julian, Ennis et al. 1998; Otteson, D'Costa et al. 2001). It has since
been conclusively shown that Müller glial cells are the source of rod progenitors (Bernardos,
Barthel et al. 2007). This was accomplished through the use of the transgenic reporter,
Tg(gfap:egfp), which expresses GFP in Müller glial cells. In this study, proliferating GFP-positive
Müller glial cells were identified by colocalization of PCNA or BrdU in the developing retina.
Further, the progeny of GFP-positive Müller glial cells also contained GFP, and proliferating
GFP-positive Müller glial cells expressed the early rod precursor marker, Pax6. Finally, several
examples of GFP+/BrdU+ cells in the ONL were found to also express rod photoreceptor
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specific markers such as Crx and Rhodopsin. Therefore, in the developing retina Müller glial
cells act as the source of rod progenitor cells and provide the scaffold on which they migrate
from the INL to the ONL (Bernardos, Barthel et al. 2007; Nelson, Frey et al. 2008).
The Role of Müller Glia in the Healthy Retina
Müller glial cell processes span the entire thickness of the retina and ensheathe all
retinal neurons in order to provide a variety of critical roles in neuronal support and
maintenance. In retinal development, the major role of immature Müller glial cells is to provide
scaffolding for undifferentiated retinal progenitor cells (Willbold, Reinicke et al. 1995; Willbold,
Berger et al. 1997; Bringmann, Pannicke et al. 2006). During this early stage, immature Müller
glial cells possess membrane proteins whose physiological function is best suited for the mitotic
activity of the developing retinal neurons. For example, the resting membrane potential of these
cells is very low, there is an increased presence of big potassium channels (BK channels), and
response to stimulation is largely mediated through elevation of intracellular free Ca2+
(Bringmann, Schopf et al. 1999; Bringmann, Francke et al. 2000; Felmy, Pannicke et al. 2001;
Pannicke, Bringmann et al. 2002). As the immature Müller glial cells differentiate, they undergo
a multitude of morphological, biochemical and electrophysiologial changes, including extension
of their process between the neuronal somata and synaptic processes (Reichenbach and
Wohlrab 1986), accumulation of glia-speciﬁc enzymes such as Glutamine Synthetase (GS)
(Germer, Jahnke et al. 1997), and the expression pattern of membrane proteins (Bringmann,
Schopf et al. 1999; Bringmann, Francke et al. 2000; Felmy, Pannicke et al. 2001; Pannicke,
Bringmann et al. 2002). Most notably, due to the insertion of Kir4.1-type K+ channels into the
Müller cell membrane, a dramatic increase of the inward K+ current leads to hyperpolarization of
the membrane, which provides the optimal conditions for the mature Müller glial cell-supportive
functions and the cessation of proliferative activity (Bringmann, Schopf et al. 1999; Bringmann,
Francke et al. 2000; Felmy, Pannicke et al. 2001; Kofuji, Biedermann et al. 2002; Pannicke,
Bringmann et al. 2002).
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In the adult retina, the major roles for Müller glial cells include metabolic support,
osmotic homeostasis, protection against oxidative stress, neurotransmitter recycling, recycling
of photopigments and release of neuro- and vasoactive substances (Bringmann, Pannicke et al.
2006). Interestingly, because of their specialized energy metabolism, Müller glial cells, in
contrast to retinal neurons, are extremely robust cells that are considerably insusceptible to
injury. Specifically, they undergo anaerobic glycolysis, even in the presence of sufficient oxygen
supply, allowing them to withstand long-lasting anoxia (Poitry-Yamate, Poitry et al. 1995;
Winkler, Arnold et al. 2000). In addition, Müller glial cells are able to switch to a non-dominant
form of energy metabolism in the absence of lactate, pyruvate or glutamate as long as oxygen is
present (Tsacopoulos, Poitry-Yamate et al. 1998; Winkler, Arnold et al. 2000). This is beneficial
to retinal neurons because the glycolytic metabolism of Müller glial cells converts lactate to
pyruvate, which is taken up by neurons to use for their own metabolism. Therefore, Müller glial
cells are discarding their metabolic waste and neurons are metabolizing it without needing their
own inefficient glycolytic pathway (Poitry-Yamate, Poitry et al. 1995; Tsacopoulos, PoitryYamate et al. 1998; Bringmann, Pannicke et al. 2006). Concurrently, neurons and Müller glia
mutually benefit from the Müller glial cells anaerobic metabolism. When retinal neurons release
CO2 waste (which they are unable to metabolize on their own), Müller glial cells are able to use
it for their own metabolism and convert it to HCO3- via carbonic anhydrase (Figure 7C) (Sarthy
and Lam 1978; Deitmer 2002; Bringmann, Pannicke et al. 2006).
Another major role for Müller glial cells is fast clearance of neurotransmitters from the
synaptic spaces by glia-neuronal interactions. The recycling of amino acid neurotransmitters is
carried

out

through

Müller

glial

cell

membrane

uptake

systems,

including

the

glutamate/aspartate transporter, GLAST, which is required for the removal of glutamate from
within the retina (Ehinger 1977; Derouiche and Rauen 1995; Harada, Harada et al. 1998;
Biedermann, Bringmann et al. 2002). After being taken up by GLAST, glutamate is converted to
glutamine by the Müller glial cell specific enzyme, Glutamine Synthetase (GS) (Linser and
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Moscona 1979; Barnett, Pow et al. 2000). Glutamine can then be transported back to retinal
neurons to be converted back to glutamate and GABA in the glutamate–glutamine cycle of the
retina (Figure 7B) (Pow and Crook 1996; Bringmann, Pannicke et al. 2006). The clearance of
synaptic glutamate is critical for the normal function of excitatory neuronal synapses and for the
prevention of neurotoxicity, neuronal dysfunction and apoptosis (Izumi, Kirby et al. 1999; Barnett
and Pow 2000). Additionally, Müller glial cells use glutamate to produce the antioxidant
glutathione, which is necessary to protect retinal neurons against oxidative stress (Pow and
Crook 1995; Reichenbach and Bringmann 2013).
Müller glial cells are also the major regulators of ion and water homeostasis in the retina.
Most notably, Müller glial cells are essential for maintaining retinal K+ homeostasis through
inwardly rectifying K+ channels of the Kir4.1 subtype (Newman, Frambach et al. 1984; Kofuji,
Ceelen et al. 2000). These channels allow the Müller glial plasma membrane to be highly
permeable to K+ currents. Retinal neurons actively release K+ ions causing an excess of neuronderived K+ that creates a driving force for inward current of K+ into Müller glial cells (Steinberg,
Oakley et al. 1980; Newman, Frambach et al. 1984; Karwoski, Lu et al. 1989). K+ dysregulation
can lead to neuronal hyperexcitation and glutamate toxicity (Bringmann, Pannicke et al. 2006).
Kir4.1 channels are also coexpressed with Aquaporin-4 water channels in specific areas of the
Müller glial cell membrane, indicating that water transport and spatial K+ buffering are tightly
coupled (Figure 7A) (Nagelhus, Horio et al. 1999). These coupled channels facilitate water
redistribution, which is necessary for regular neuronal activation and synaptic transmission
(Bringmann, Pannicke et al. 2006). This process is important for removing excess water created
by retinal neurons and mediating neuronal excitation by aiding in K+ currents through the inner
retinal neurons (Bringmann, Reichenbach et al. 2004; Bringmann, Pannicke et al. 2006).
Finally, Müller glial cells play a critical role in the detoxification of the retina by
phagocytosis of dying cells and cellular debris. While microglia play an important role in
phagocytosis in the retina, it is the Müller glial cells that are able to phagocytize cells in any
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retinal layer as microglia do not normally enter the outer nuclear layer (Egensperger, Maslim et
al. 1996). In the mammalian retina, Müller glial cells phagocytize dead or dying retinal neurons
and recycle photopigment cells for the continued renewal of photoreceptor outer segments
(Long, Fisher et al. 1986; Francke, Makarov et al. 2001). Müller glial cell phagocytosis in the
rodent retina occurs with or without the occurrence of retinal damage, including during retinal
development (Caley, Johnson et al. 1972; Egensperger, Maslim et al. 1996). Müller glial cells
play an additional neuroprotective role by phagocytizing foreign materials such as melanin
granules or carbon particles (Algvere and Kock 1983; Crafoord, Dafgard Kopp et al. 2000).
Importantly, Müller glial cell phagocytosis has also been observed in the human retina. Similar
to rodent models, Müller glial cell phagocytosis in the human retina occurs with or without the
existence of retinal damage. In the absence of damage, phagocytosis occurs during retinal
development or in the mature retina to clear neurons that die naturally of apoptosis (Penfold and
Provis 1986; Mano and Puro 1990; Francke, Makarov et al. 2001; Garcia and Vecino 2003).
Therefore, Müller glial cells are critical for the cytoarchitechture of the retina as well as the
maintainence and survival of retinal neurons. In fact, genetically targeted Müller glial cell
ablation in mice leads to breakdown of the blood-retinal barrier, intraretinal neovascularlization
and photoreceptor apoptosis (Shen, Fruttiger et al. 2012).
Reactive Gliosis in the Mammalian and Zebrafish Retina
Reactive gliosis is a process that occurs in astrocytes and Müller glial cells in response
to injury or disease to the central nervous system. Interestingly, the gliotic response from
astrocytes in the brain show similar morphological, biochemical, and physiological changes to
Müller glial cells in the retina (Bringmann, Pannicke et al. 2006; Bringmann, Iandiev et al. 2009).
These changes occur as an attempt to protect the area from further damage and to preserve
function to the remaining neuronal tissue (Liberto, Albrecht et al. 2004); however, it results in
both beneficial and detrimental effects on the tissue (Sofroniew 2005; Bringmann and
Wiedemann 2009). In the mammalian retina, reactive gliosis results in neuronal neuroprotection
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immediately following an injury. This is mediated by an increase in Müller glial phagocytosis and
the release of protective cytokines and growth factors (Bringmann and Wiedemann 2009).
Increased phagocytosis aids in clearing exogenous substances, cell debris, and serum proteins
to help prevent further toxic damage to the cells (Nishizono, Murata et al. 1993; Crafoord,
Dafgard Kopp et al. 2000; Garcia and Vecino 2003; Hisatomi, Sakamoto et al. 2003). Further,
depending on the specific type of retinal cell that was damaged, cell-specific growth factors are
released as a neuroprotective mechanism (Bringmann and Wiedemann 2012). For example,
basic fibroblast growth factor (bFGF) appears to be the primary growth factor used to protect
damaged photoreceptors. Release of bFGF has been shown to protect photoreceptors from
apoptosis following acute and focal damage to the retina (Faktorovich, Steinberg et al. 1990;
Faktorovich, Steinberg et al. 1992; Wen, Song et al. 1995). Focal injury to the retina results in
increased bFGF mRNA expression (Wen, Song et al. 1995) and the introduction of exogenous
bFGF by intravitreal injection delays photoreceptor degeneration following light damage
(Faktorovich, Steinberg et al. 1990).Together, these early responses of retinal damage delay
retinal neuron cell death and are considered benefits of reactive gliosis.
Reactive gliosis in Müller glial cells has two hallmark characteristics that are independent
of the stimulus. These include hypertrophy of the Müller glial cell processes and upregulation of
intermediate ﬁlaments nestin, vimentin and glial ﬁbrillary acidic protein (GFAP). The
upregulation of GFAP is the most sensitive response to retinal disease and injury, and a
universal early indicator for the activation of Müller glial cell gliosis (Bignami and Dahl 1979;
Lewis and Fisher 2003; Bringmann and Wiedemann 2009). As Müller glial cell processes
hypertrophy, intermediate filament proteins are upregulated in order to stabilize the
hypertrophied processes as they provide resistance to mechanical stress, and may also
mediate the signal transduction cascades underlying reactive gliosis (Lundkvist, Reichenbach et
al. 2004; Verardo, Lewis et al. 2008). There have been several factors implicated in inducing
upregulation of GFAP. Ciliary neurotrophic factor (CNTF), angiotensin II and TGF-β have all
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been shown to induce GFAP expression in Müller glial cells (Hisatomi, Sakamoto et al. 2002;
Wang, Smith et al. 2002; Kurihara, Ozawa et al. 2006). In addition, release of endogenous
bFGF (or FGF2) is one of the earliest gliotic events and had been shown to upregulate GFAP
expression (Lewis, Erickson et al. 1992; Geller, Lewis et al. 2001).
In the mammalian retina there are two stages of reactive gliosis, depending on the type
and severity of damage, each of which result in differing degrees of functional and biochemical
changes in Müller glial cells. In the case of mild damage or early onset disease, Müller glial cells
will undergo non-proliferative reactive gliosis. Aside from the characteristic hypertrophy and
upregulation of intermediate filament proteins, gliotic Müller glia downregulate the expression of
proteins required for their normal homestatic functions. This includes decreases in glutamine
synthetase and carbonic anhydrase, which can lead to persistent glutamate excitotoxicity and
increased metabolic waste (Lewis, Guerin et al. 1994; Hartig, Grosche et al. 1995; Lieth, Barber
et al. 1998). During nonproliferative gliosis, however, there is little to no decrease in K + currents
with only a slight membrane depolarization, and no Müller glial cell proliferation (Pannicke,
Weick et al. 2001; Iandiev, Wurm et al. 2008). In fact, in cases of nonproliferative gliosis, cyclin
D3 is downregulated, presumably to prevent uncontrolled proliferation (Dyer and Cepko 2000;
Iandiev, Wurm et al. 2008). In the case of extensive damage or prolonged disease, Müller glial
cells undergo proliferative reactive gliosis. Similar to nonproliferative gliosis, only to a greater
extent, Müller glial cells lose nearly all expression of proteins associated with normal
homeostatic functions. The most notable event to signify the switch from nonproliferative to
proliferative gliosis is the breakdown of the blood-retinal barrier (Reichelt, Pannicke et al. 1997).
At this time, there is a dramatic decrease in the membrane conductance of Müller glial cells as a
result of a functional inactivation of Kir channels. This inactivation is caused by mislocalization
of the channels within the glial cell membrane, and not downregulation of the channel proteins
(Ulbricht, Pannicke et al. 2008). In addition to the breakdown of the blood-retinal-barrier,
proliferative reactive gliosis is characterized by an uncontrolled proliferative response from
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Müller glial cells (Reichelt, Pannicke et al. 1997; Bringmann and Wiedemann 2009).
Unregulated proliferation in the retina can lead to progenitor cells with one of two fates. First,
progenitors can remain in the inner retina where they eventually undergo cell death, resulting in
increased neuronal toxicity and cellular debris. Alternatively, progenitors can migrate toward the
inner or outer limiting membrane where they secrete filamentous proteins and other factors that
contribute to the formation of a glial scar.
Glial scars ﬁll the space left by degenerated retinal neurons, pigmented epithelial cells,
and blood vessels (Figure 8) (Burke and Smith 1981; Guidry 2005; Lewis, Chapin et al. 2010)
and can result in several outcomes that are devastating to visual acuity. First, in the case of an
epiretinal scar, Müller glial cells can transdifferentiate into contractile myoﬁbrocytes and cause
retinal detachment (Guidry 2005). Second, hypertrophied Müller glial cell processes can grow
through the outer limiting membrane and form a thick fibrotic layer into the subretinal space
previously occupied by the RPE. This type of glial scar can prevent the outgrowth of
photoreceptor outer segments (Anderson, Guerin et al. 1986; Francke, Faude et al. 2005). In
addition, the thick fibrotic layer left by Müller glial cells in the spaces left by degenerated
photoreceptors can create a physical barrier that prevents the reconnection of synapses
between photoreceptors and their secondary neurons, ultimately leading to exasperated cell
death (Erickson, Fisher et al. 1983; Anderson, Guerin et al. 1986; Sethi, Lewis et al. 2005).
Finally, function recovery of the retina is also actively inhibited under these circumstances.
Reactive Müller glial cells express inhibitory extracellular matrix and cell adhesion molecules
such as chondroitin, sulfate proteoglycans, and CD44 (Silver 1994; Ponta, Sherman et al. 2003;
Busch and Silver 2007). These molecules function as chemical inhibitors of axonal growth and
neuronal regeneration by creating regenerative boundaries in the injured mature retina (Silver
1994; Ponta, Sherman et al. 2003; Bringmann and Wiedemann 2009).
In contrast to the mammalian retina, research on reactive gliosis in zebrafish is
extremely limited and, at times, contradictory. One study showed that following thermal damage
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to the retina, Müller glial cells exhibited some characteristics of reactive gliosis, including
hypertrophy and upregulation of GFAP, which was primarily localized to the region of retinal
damage (Raymond, Barthel et al. 2006). In addition, following selective cone photoreceptors
degeneration, Müller glial cells exhibited hypertrophy and upregulation of GFAP, but no gliotic
characteristics were observed following selective rod photoreceptor degeneration (Morris,
Scholz et al. 2008). Multiple other studies have reported increased GFAP expression similar to
the mammalian retina in injury-induced Müller glial cells (Wu, Schneiderman et al. 2001;
Vihtelic, Soverly et al. 2006; Bernardos, Barthel et al. 2007). Müller glial cells in the zebrafish
retina have also been shown to possess the ability to phagocytize dying photoreceptors
following retinal damage (Figure 9) (Morris, Schroeter et al. 2005; Bailey, Fossum et al. 2010),
which is similar to the early reactive gliosis response seen in the mammalian retina.
Interestingly, it has been shown that Müller glial cells in the zebrafish retina that participate in
the proliferation event downregulated GFAP, while the Müller glial cells that are not proliferating
hypertrophy and upregulated GFAP (Thummel, Kassen et al. 2008). Similarly, in the chick
retina, which is also permissive for regeneration, when only 65% of the Müller glial cells
reentered the cell cycle following damage, Müller glial cells that did not reenter the cell cycle
increased their expression of GFAP, while cells that did not increase their GFAP expression did
reenter the cell cycle (Fisher and Lewis 2003). However, it is unlikely that this response is the
result of different subsets of Müller glial cells (i.e. gliotic versus proliferative) because increasing
the severity of damage to the zebrafish retina significantly increases the number of Müller glial
cells that reenter the cell cycle (Thomas, Nelson et al. 2012). Together, these studies suggest
that, like the mammalian retina, zebrafish Müller glial cells all inherently possess gliotic and
proliferative potential. However, unlike the mammalian retina, zebrafish Müller glial cells then
initiate a tightly-regulated and limited proliferation event that leads to the proper regeneration of
lost neurons and no glial scar formation.
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Interestingly, while proliferative gliosis in the mammalian retina leads to uncontrolled
proliferation and glial scar formation, in vitro studies have shown that Müller glial cells can be
reprogrammed into retinal progenitors that had a similar gene expression profile to proliferating
zebrafish Müller glial cells. Importantly, these progenitors have been shown to subsequently
differentiate into neurons that express markers for mature photoreceptors (Wan, Zheng et al.
2007; Pollak, Wilken et al. 2013). Recently, a study in p27-deficient mice showed that a gliotic
response could be induced in the absence of injury, and that Müller glia-specific markers colabeled with BrdU. Interestingly, no glial scar was observed, Müller glia had normal neuroglial
interactions and retinal electrophysiology (Vazquez-Chona, Swan et al. 2011). First, these data
indicate that mammalian Müller glia posses some residual capacity to act as source of retinal
progenitor cells. In addition, they suggest that reactive gliosis is a complex response that is
characterized by multiple, independent changes to Müller glia cell function.
Müller Glia Dependant Regeneration in the Adult Zebrafish Retina
Several methods of retinal lesion have been developed to induce a regeneration
response in zebrafish. Regeneration of retinal neurons in the teleost retina was first observed
following surgical removal of a small portion of the retina (Lombardo 1968). The damaged area
will then partially close by wound contraction and finally be filled with neuroepitheial-like retinal
progenitors that will completely fill the gap with all types of newly generated retinal neurons,
including photoreceptors (Lombardo 1968; Hitchcock and Cirenza 1994; Cameron 2000; Yurco
and Cameron 2005). A similar response was noted using a transcleral puncture using a small
needle (Liu, Londraville et al. 2002; Fausett and Goldman 2006). These two models damage
neurons in each layer of the retina, but in a localized region surrounding the wound. In order to
elicit damage to a specific group of retinal neurons across the entire retina, more refined
methods were developed. For example, intravitreal injections of neurotoxins can completely
destroy the neural retina at high doses or selectively destroy inner retinal neurons at low doses
(Maier and Wolburg 1979; Raymond, Reifler et al. 1988; Fimbel, Montgomery et al. 2007). In
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this case, the central retina will fill with neuroepitheial-like retinal progenitors to regenerate the
retina. Conversely, light damage models have been developed to selectively destroy
photoreceptors. Focal photoreceptor ablation of photoreceptors had been demonstrated with the
use of argon lasers (Braisted, Essman et al. 1994; Wu, Schneiderman et al. 2001) and the use
of thermal probes (Braisted, Essman et al. 1994; Wu, Schneiderman et al. 2001; Raymond,
Barthel et al. 2006). More recently, two methods of light exposure are commonly used to cause
widespread rod and cone photoreceptor degeneration. The first method subjects dark-adapted
adult albino zebrafish to constant bright light for several days (Vihtelic and Hyde 2000;
Thummel, Kassen et al. 2008). The second method subjects wild-type pigmented zebrafish to a
high intensity wide-spectrum of light for 30 minutes (Bernardos, Barthel et al. 2007). Combining
the two types of light treatment, however, allows the use of both albino and pigmented animals
and induces a greater, more widespread loss of both rod and cone photoreceptors than either
treatment alone (Chapter 2) (Thomas, Nelson et al. 2012; Thomas and Thummel 2013).
Genetic models of specific rod or cone degeneration have also been developed. The
XOPS:mCFP transgenic line uses a Xenopus rod opsin promoter to drive expression of
membrane-targeted cyan fluorescent protein. For an unknown reason, expression of the mCFP
causes selective rod photoreceptor degeneration as they differentiate (Morris, Schroeter et al.
2005). In addition, a mutation in the cone-specific gene, phosphodiesterase 6, causes conespecific degeneration (Morris, Scholz et al. 2008). In the case of all photoreceptor specific
degeneration models, a robust regenerative response from the inner retina is triggered (Vihtelic
and Hyde 2000; Morris, Schroeter et al. 2005; Morris, Scholz et al. 2008; Thummel, Kassen et
al. 2008).
Identifying the stem cell source in the central retina that is responsible for regeneration
has been a long withstanding task, although multiple lines of evidence have shown the
presence of stem cells in teleost retinas (reviewed in (Otteson and Hitchcock 2003)). Early
studies considered a number of possible sources for retinal progenitors in the regenerating
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teleost retina. Rod precursors were briefly considered since they are mitotically active following
even minor damage to the teleost retina, and are spread throughout the central retina
(Raymond, Reifler et al. 1988; Otteson and Hitchcock 2003).

However, it was quickly

demonstrated that injury-induced proliferation was not restricted to the ONL as large clusters of
proliferating cells were also observed in the INL following damage (Braisted, Essman et al.
1994; Cameron 2000; Vihtelic and Hyde 2000; Fimbel, Montgomery et al. 2007; Thummel,
Kassen et al. 2008). Further, rod precursors do not fit some of the classical characteristics of
stem cells (Johns and Fernald 1981; Raymond, Reifler et al. 1988), nor do they express Pax6
(Hitchcock, Macdonald et al. 1996), suggesting that rod precursors may act more as transiently
amplified cells than as stem cells (Otteson and Hitchcock 2003; Hitchcock and Raymond 2004).
Earlier studies also suggested that the CMZ could contribute retinal progenitors during
regeneration. This idea was attractive since the CMZ is responsible for the bulk of growth
associated with neurogenesis in the adult (Lombardo 1968; Johns and Easter 1977; Meyer
1978). However, careful cell tracing analysis showed no evidence for progenitor cell migration
from the CMZ to the central retina during retinal regeneration (Johns 1982; Raymond, Reifler et
al. 1988; Hitchcock, Macdonald et al. 1996). Finally, the retinal pigmented epithelium (RPE) was
also briefly considered as a potential source of retinal progenitors since they are the source of
retinal regeneration in amphibians and embryonic chicks (Mitashov, 1996, 1997; Reh, Nagy, &
Gretton, 1987, Coulombre & Coulombre, 1965). Again, however, multiple studies demonstrated
that the RPE fails to proliferate during retinal regeneration in teleosts (Lombardo 1968;
Hitchcock, Lindsey Myhr et al. 1992; Reichelt, Pannicke et al. 1997).
Finally, multiple lines of evidence demonstrated that Müller glial cells are the stem cell
source of progenitors during retinal regeneration in teleosts. Even early studies considered the
Müller cell as a possible source for retinal progenitors because they are derived from the same
lineage as retinal neurons (Cepko 1993), are relatively quiescent in the absence of damage,
and have the fusiform morphology detected in the INL following damage (Wu, Schneiderman et
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al. 2001; Otteson and Hitchcock 2003; Hitchcock, Ochocinska et al. 2004). Indeed, several
studies pointed to the INL as the origin of the proliferative response. For example, following
damage by surgical lesion, Pax6b expression was observed in progenitor cells originating from
the INL (Hitchcock, Macdonald et al. 1996). Following selective destruction to photoreceptors
using the argon laser or light damage models, photoreceptors are regenerated from progenitors
that originate within the INL, where they create clusters of progenitor cells that migrate to the
ONL and replace the lost photoreceptors (Vihtelic and Hyde 2000; Wu, Schneiderman et al.
2001; Faillace, Julian et al. 2002).

hile all of these studies suggested that Müller glial cells

were the source of retinal progenitors, the first direct evidence came using transgenic lines that
labeled Müller glial cells following retinal damage (Bernardos et al., 2007; Fausett & Goldman,
2006; Fischer, 2005; Thummel et al., 2008 Kassen 2008, Goldman et al., 2001). Using the
Tg(gfap:egfp) transgenic line, multiple groups showed that Müller glial cells colabel with
proliferation specific markers including BrdU and PCNA (Bernardos, Barthel et al. 2007; Fimbel,
Montgomery et al. 2007; Thummel, Kassen et al. 2008). Further, both the Tg(ccnb1:egfp)
transgenic line that expresses EGFP in retinal progenitors during early development, and
Tg(alpha-1 tubulin:egfp) transgenic line that expresses EGFP in neuronal progenitor cells,
colabeled with Müller glial cells in the regenerating retina (Goldman, Hankin et al. 2001; Fausett
and Goldman 2006; Kassen, Ramanan et al. 2007). Finally, morpholino-mediated knockdown of
PCNA following retinal damage resulted in Müller glial cell apoptosis (Thummel, Kassen et al.
2008). This resulted in a complete absence of retinal progenitors following damage, definitely
demonstrating that Müller glial cells are the source of progenitors during regeneration.
Two different damage paradigms will be used for these studies, constant-intense light
exposure and intravitreal injections of the neurotoxin, Ouabain. Notably, in both damage
paradigms, Müller glial cells are the main source for regeneration following damage (Figure 10).
Constant intense-light damage is a widely used technique in both mammalian and zebrafish
models to specifically damage photoreceptors without causing damage to inner retinal neurons
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(Grimm, Wenzel et al. 2000; Hitchcock, Ochocinska et al. 2004; Kassen, Ramanan et al. 2007;
Thummel, Kassen et al. 2008; Thomas, Ochocinska et al. 2012). In adult albino rats,
phototoxicity to retinal photoreceptors is mediated by rhodopsin, and an increase in rhodopsin
expression increases the susceptibility of the retina to light damage (Williams and Howell 1983;
Rapp, Tolman et al. 1990). Following photon absorption, rhodopsin undergoes a conformational
change in which 11-cis-retinal is rapidly converted to all-trans-retinal, which will then dissociate
from the opsin (Heck, Schadel et al. 2003). Light-induced photoreceptor apoptosis occurs when
photoisomerized all-trans-retinal is produced, but cannot be efficiently cleared from the internal
membrane of the outer segment disc (Maeda, Maeda et al. 2006). This is confirmed by a study
which showed that mice lacking Rhodopsin (Rho-/-) or the enzymes involved in the production
of rhodopsin’s chromophore (Rpe65-/-) are protected against light-induced photoreceptor
apoptosis (Grimm, Wenzel et al. 2000). For these studies, adult albino zebrafish are subjected
to 7-10 days of dark adaptation prior to light exposure (Vihtelic and Hyde 2000; Thummel,
Kassen et al. 2008). This leads to an accumulation of the excitable form of rhodopsin, 11-cisretinal (Fain, Matthews et al. 2001). Once exposed to constant intense-light, the accumulated
11-cis-retinal will be converted into more all-trans-retinal than can be efficiently cleared from the
ROS. The toxic build-up of all-trans-retinal results in photoreceptor degeneration and, ultimately,
apoptosis. In adult albino zebrafish, the majority of damage occurs in only the dorsal region,
leaving the ventral region intact, possibly due to shorter outer segments or differential
expression of neuroprotective factors such as fgf2 (Vihtelic, Soverly et al. 2006; Qin, Kidd et al.
2011). This is similar to what is observed in adult rodent models of phototoxicity, where the
inferior (i.e. ventral) retina is partially protected from photolytic damage.
Following the onset of light in the zebrafish retina, apoptotic photoreceptors stimulate
dedifferentiation and proliferation in Müller glial cells. At 36 hours following the onset of light
(hpL), rod outer segments (ROS) are visibly shortened and approximately 35-50% of Müller glial
cells reenter the cell cycle (Figure 11B, L) (Vihtelic and Hyde 2000; Thummel, Kassen et al.
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2008; Thomas, Nelson et al. 2012). In order for the proper number of Müller glial cells to reenter
the cell cycle, it has recently been suggested that Müller glial cells dedifferentiate in waves.
Upon light damage, an initial subset of Müller glia dedifferentiate and reenter the cell cycle. A
recent report argues that this is followed by the recruitment of a secondary wave of proliferating
Müller glia and the release of an inhibitory signal to prevent additional Müller glial cells from
reentering the cell cycle (Gorsuch and Hyde 2013; Nelson, Ackerman et al. 2013). Notably,
Müller glial cells in the damaged zebrafish retina continue to maintain expression of some glialspecific markers, indicating that they do not completely differentiate or become completely
reprogrammed as neuroepithelial or retinal progenitor cells (Lenkowski and Raymond 2014). At
72 hpL, the majority of rod photoreceptors have degenerated, and large clusters of progenitors
have formed in the inner retina and have migrated to the outer retina (Figure 11C, M).
Importantly, throughout the light treatment, Müller glial cells maintain their general morphology
and structural support of the retina laminae (Figure 11F-J). At 7 days post the onset of light
(dpL), ROS have partially regenerated and proliferating cells are largely restricted to the ONL
where they will terminally differentiate into new photoreceptors (Figure 11D, N). Finally the
photoreceptors have almost completely regenerated by 11 dpL (although ROS outgrowth
continues), and very few progenitor cells remain (Figure 11E, 0). Following light damage, rod
photoreceptors regenerate in approximately the correct proportions and retinal circuitry is
restored (Hitchcock, Lindsey Myhr et al. 1992; Hitchcock and Cirenza 1994; Hitchcock and
Vanderyt 1994). This is likely due to the uniform visual pigment in their outer segments. Cone
photoreceptors, however, are organized in precise mosaic pattern, in which each type of cone
has a specified relationship with neighboring cone types (Marc and Sperling 1976; Branchek
and Bremiller 1984). Although all cone types are regenerated, the precise cone mosaic pattern
is not properly restored (Cameron, Cornwall et al. 1997; Vihtelic and Hyde 2000; Stenkamp,
Powers et al. 2001). Further studies are required to fully understand how these patterning
defects affect visual acuity (Lenkowski and Raymond 2014).
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Intravitreal injections of Ouabain are used to completely destroy the neural retina at high
doses, whereas at lower doses, retinal neurons in the inner layers are destroyed while the
photoreceptors survive (Maier and Wolburg 1979; Fimbel, Montgomery et al. 2007). This is
because Ouabain diffuses into the neural retina from the vitreous, and neurons in the inner
retina are preferentially damaged because they are exposed to a higher concentration
(Raymond, Reifler et al. 1988). Ouabain acts as a potent and irreversible inhibitor of the plasma
membrane sodium-potassium pump (Na+/K+ -pump) (Geduldig 1968). Under normal conditions,
the Na+/K+-pump functions to maintain the resting potential of the cell membrane by actively
transporting 3 Na+ ions out of the cell and 2 K+ ions into the cell, which maintain the cell volume
by driving water out of the cell (Thomas 1972). Ouabain acts by binding to the Na+/K+ -pump
and inhibiting its function in both a concentration and time dependent manner (Schwartz, Allen
et al. 1969). Following inhibition of the Na+/K+ -pumps, cell death occurs by both apoptosis and
necrosis (Xiao, Wei et al. 2002). Low intracellular K+ levels results in caspase activation and
apoptosis of the cell, while high intracellular Na+ levels leads to failure of the sodium-calcium
exchanger, high intracellular Ca2+ levels, swelling and cell necrosis (Xiao, Wei et al. 2002). In
the zebrafish retina, cell death and a massive expansion of the IPL is visualized 1 day post
injection (dpi) (Figure 12B, N), and Müller glial cell reentry is observed at 3 dpi (Figure 12U). By
5 to 7 dpi, maximum cellular degeneration occurs (Figure 12D, J). Use of a high dose of
Ouabain damages all retinal neurons, such that at 7 dpi, Müller glial cells have collapsed into a
sheath that encases the cluster of proliferating neuroepithelial cells, and all laminar structure of
the retina has been lost (Figure 12P, V). Finally, regeneration of lost cells and reestablishment
of the retinal lamination can be visualized by 14 dpi, and the retina will be fully regenerated by
60 dpi (Figure 12E, F, K, L) (Fimbel, Montgomery et al. 2007; Sherpa, Lankford et al. 2014).
Ouabain is a particularly interesting damage model for multiple reasons. First, selective
destruction of inner retinal neurons allows for targeted damage to a region of the retina that
cannot be selectively destroyed in other experimental damage paradigms (Fimbel, Montgomery
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et al. 2007; Sherpa, Lankford et al. 2014). The ability to selectively destroy the inner retina or to
cause widespread degeneration of all retinal neurons using the same compound also presents
the opportunity to evaluate variation in the regenerative response following the destruction of
varying cells types and different magnitudes of damage (Sherpa, Lankford et al. 2014). For
example, a recent study has shown that several genes involved in inner retinal development are
differentially expressed after selective inner retinal damage and the extensive damage models.
Furthermore, this study showed that, unlike the constant-intense light damage model, extensive
retinal damage following a high Ouabain dosage did not result in regeneration of retinal neurons
in the correct proportions (Sherpa, Lankford et al. 2014). Finally, following widespread loss of
all retinal neurons, a massive expansion of the zebrafish CMZ can be visualized, indicating that
it could be possibly acting as an additional source of regeneration in a similar manner as the
newt retina, which regenerates from the RPE and a ten-fold increase in proliferating cells at the
CMZ (Figure 13) (Keefe 1973; Mitashov 1997; Moshiri, Close et al. 2004). However, further
studies are required to confirm this possibility.
Müller glia dependent retinal regeneration relies on a tightly controlled cascade of
regulatory genes. It has recently been shown that TNFα is secreted by dying neurons and
photoreceptors following light and Ouabain damage (Nelson, Ackerman et al. 2013). These data
suggest TNFα as the first identified factor produced by dying retinal neurons that directly signal
Müller glial cells to initiate the dedifferentiation program through ascl1a and stat3 (Gorsuch and
Hyde 2013; Nelson, Ackerman et al. 2013). Stat3 function has yet to be clearly defined. While
Stat3 expression is required for a maximal proliferative response from Müller glial cells after
photoreceptor or inner neuron degeneration, increased Stat3 expression in response to damage
is not sufficient to activate the regeneration program (Nelson, Gorsuch et al. 2012; Lenkowski,
Qin et al. 2013). However, Stat3 is a potential upstream transcriptional regulator of hspd1
expression (Qin, Barthel et al. 2009). Hspd1 e pression increases in dedifferentiated Müller glial
cells, and encodes a stress-response protein that is required to maintain Müller glia
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mitochondria following retinal damage (Qin, Barthel et al. 2009). Expression of ascl1a has been
shown to be the earliest indicator of activation of the Müller glial cell dedifferentiation and
proliferation program (Fausett, Gumerson et al. 2008; Ramachandran, Zhao et al. 2011; Nelson,
Gorsuch et al. 2012). Ascl1a functions mainly as a transcriptional activator, but it is possible that
it could be acting through inhibitory signals. For example, Wnt signaling could be necessary for
Müller glial dedifferentiation and proliferation through an Ascl1a-dependent mechanism in which
Ascl1a inhibits the expression of dkk1b, a secreted Wnt inhibitor (Ramachandran, Zhao et al.
2011; Gorsuch and Hyde 2013). Ascl1a may also be upstream of other important factors in the
regeneration program such as Pax6b and Notch (Fausett, Gumerson et al. 2008;
Ramachandran, Fausett et al. 2010). Zebrafish have two Pax6 paralogs, Pax6a and Pax6b, that
play non-redundant roles during retinal regeneration. Individual knockdown of Pax6a and Pax6b
revealed that knockdown of Pax6b inhibited the initial division of retinal progenitor cells,
whereas knockdown of Pax6a blocked subsequent amplification of progenitors. Interestingly,
neither Pax6a or Pax6b were required for the initial Müller glial cell division (Thummel, Enright
et al. 2010). This is consistent with data from retinal damage models in the rodent, where Pa 6
e pression increased in Müller glia following retinal neuron damage, but did not induce cell
cycle reentry (Joly, Pernet et al. 2011). Another regulator of cell cycle dynamics are the two
zebrafish homologs of Midkine, midkine a (mdka) and midkine b (mdkb). During zebrafish retinal
development, Mdka and Mdkb have distinct roles in regulating cell cycle kinetics in retinal
progenitor cells (Luo, Uribe et al. 2012). In the light-damaged retina, both midkines are
e pressed in proliferating Müller glial cells and their progeny (Calinescu, Vihtelic et al. 2009),
indicating they may be important for regulating cell cycle dynamics during retinal regeneration.
Several studies suggest that Notch signaling plays an important role during retinal regeneration
(Yurco and Cameron 2005; Raymond, Barthel et al. 2006; Wan, Ramachandran et al. 2012),
although a clear role has yet to be elucidated. Notch signaling could be gradient regulated,
meaning that Müller glia dedifferentiation and proliferation could be regulated by an initial
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decrease in Notch signaling followed by a subsequent increase in Notch signaling to reestablish
glial identity (Lenkowski and Raymond 2014). Other possible roles include regulation of cell
cycle exit by Müller glia associated neuronal progenitors to prevent unnecessary Müller glial
proliferation, maintaining Müller glial cells in a quiescent state, and cell fate decisions in
neurogenic clusters (Wan, Ramachandran et al. 2012; Gorsuch and Hyde 2013; Lenkowski and
Raymond 2014). Finally, the basic helix-loop-helix (bHLH) transcription factor, neurod, induces
progenitor cells to terminally differentiate into rod photoreceptors in the developing retina
(Ochocinska and Hitchcock 2009), and is expressed in late progenitor cells as they differentiate
into rod photoreceptors (Thomas, Ochocinska et al. 2012), indicating a possible role for Neurod
in controlling cell cycle exit and rod photoreceptor fate during regeneration.
Understanding the underlying mechanisms of zebrafish retinal regeneration has been
extensively characterized thus far, but extensive investigation into translating the concepts
learned from the zebrafish into mammalian retina still remains. The goal of this dissertation is to
further characterize the Müller glial cells response to various types of damage, compare the
gliotic potential of zebrafish Müller glia to the reactive gliosis response in the mammalian retina,
and to characterize various factors with known roles in developmental neurogenesis in order to
contribute to the growing field of studies aimed at revealing targets that could create a favorable
environment for functional recovery of the damaged or diseased human retina.
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Figure 1. Development of the embryonic zebrafish through 48 hours post fertilization
(hpf). Wholemount brightfield images of embryonic zebrafish at various developmental stages
including cleavage (1 hpf), blastula (4 hpf), and gastrula (6-8 hpf). By 10 hpf, somites, have
developed and the segmentation stage begins. From 24-48 hpf, the organ systems become fully
functioning. Permissions from Company of Biologists, slight modifications (Haffter, Granato et
al. 1996).
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Figure 2. Regeneration of the adult zebrafish caudal fin. Wholemount brightfield images of
the adult zebrafish caudal fin following amputation. At 6 hours post amputation, a blastema at
the edge of the wound has formed. At 72 hours post amputation, outgrowth of the newly
regenerated fin tissue can be visualized.
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Figure 3. Comparison of the laminar structure between the human and zebrafish retinas.
Histological images of the adult human and zebrafish retinas. Abbreviations denote specific
cellular layers: Rod outer segments (ROS), cone ellipsoids (CE), outer nuclear layer (ONL),
inner nuclear layer (INL), ganglion cell layer (GCL).
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Figure 4. Schematic depicting the laminar structure and cell types of the retina. Cartoon of
a retinal section in order to visualize the connections between photoreceptors and interneurons.
Light enters at the inner limiting membrane through the vitreous. Open access image provided
by InTech, slight modifications. http://www.intechopen.com/about-open-access.html
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Figure 5. Schematic depicting the two sources of progenitor cells in the undamaged
zebrafish retina. Cartoon retina depicting sites of neurogenesis (red). The CMZ possesses
retinal progenitors that give rise to all cell types, except photoreceptors (Left). Within the inner
retina, Müller glia give rise to rod photoreceptors (Right). CMZ: circumferential marginal zone.
Permissions from Elsevier, slight modifications (Stenkamp 2011).
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Figure 6. Schematic depicting the stages of rod precursor generation. Cartoon depicting
the stages and gene expression profile of the rod photoreceptor lineage. Permissions from
Elsevier, slight modification (Hitchcock, Ochocinska et al. 2004).
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Figure 7. Cartoon demonstrating the various functions of Müller glial cells under normal
conditions. Cartoon depicting important Müller cell-neuron interactions in the normal mature
retina. A) Buffering of K+ ions and water. B) Glutamine Synthetase transmitter recycling. C)
Metabolic homeostasis. D) Free radical scavenging. CA: carbonic anhydrase. GABA: gammaaminobutyric acid. Glut: glutamate. GS: glutamine synthetase. Permissions from Elsevier
(Bringmann, Pannicke et al. 2006).
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Figure 8. Formation of a glial scar in the mammalian retina. Left: retinal sections of a
detached retina immunolabeled with anti-bromodeoxyuridine (BrdU; red), anti-vimentin (green),
and isolectin B4 (blue) to show proliferating cells and the formation of a glial scar. Right: cartoon
depicting a Müller cell with its nucleus and cytoskeleton showing the proposed hypothesis of
how these cells may contribute to the formation of a glial scar following retinal injury. 1)
Following injury the nucleus migrates to the ONL. 2) Filamentous protein filaments accumulate
around the nucleus, and the nucleus undergoes mitosis. 3) One nucleus migrates back to the
INL. 4) The nucleus in the ONL either continues migrating toward the subretinal space and
contributes to the formation of a glial scar (5) or remains in the retina as a de-differentiated cell
(6). This is an open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited; slight modifications (Lewis, Chapin et al.
2010).
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Figure 9. Müller glial cell phagocytosis of dying photoreceptors in the zebrafish retina.
Left: retinal section from the Tg(gfap:egfp)/alb line to show TUNEL (red) colabeled with a subset
of Müller glia in the light damaged retina (Bailey, Fossum et al. 2010). Right: retinal sections
from the XOPS-mCFP line to show TUNEL staining in the morphology of a Müller glial cell and
colocalizing with a GFP-positive rod (Morris, Schroeter et al. 2005). Permissions from Elsevier,
slight modifications.
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Figure 10. Müller glial cells as the source of proliferation following light and Ouabain
damage. Top panel: retinal sections from the Tg(gfap:egfp)/alb line to show Müller glial cells
(green) colocalized with PCNA to cell proliferation (red). Müller glial cells colabeled with PCNA
at 36 hours following light damage (hpL). Bottom panel: retinal sections immunolabled with
Glutamine synthetase to show Müller glial cells (blue) and PCNA to show PCNA to cell
proliferation (red). Müller glial cells colabeled with PCNA at 3 days following Ouabain injection
(dpi).
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Figure 11. Cellular changes over the constant-intense light damage timecourse. Retinal
sections from the Tg(gfap:egfp)/alb line to show Müller glial cells (purple) colocalized with Zpr-3
to show rod photoreceptors (yellow) and PCNA to show PCNA to cell proliferation (red) over the
light damage timecourse.
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Figure 12. Cellular changes over the Ouabain damage timecourse. Retinal sections from
the Tg(gfap:egfp)/alb line to show Müller glial cells (purple) colocalized with HuC/D to show
amacrine and ganglion cells (blue), Zpr-3 to show rod photoreceptors (yellow) and PCNA to
show PCNA to cell proliferation (red) over the Ouabain timecourse.
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Figure 13. Circumferential marginal zone (CMZ) in the zebrafish retina following Ouabain
damage. Brightfield image showing the zebrafish retina at 5 days following Ouabain damage.
Boxed area depicts the extended length of the CMZ.
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CHAPTER 1: USING THE TG(NRD:EGFP)/ALBINO ZEBRAFISH LINE TO CHARACTERIZE
IN VIVO EXPRESSION OF NEUROD
Summary
In this study, we used the transgenic zebrafish line, Tg(nrd:egfp)/albino, to further
characterize the expression of neurod in the developing and adult retina and to determine
neurod expression during adult photoreceptor regeneration. We also provide observations
regarding the expression of neurod in a variety of other tissues. In this line, EGFP is found in
cells of the developing and adult retina, pineal gland, cerebellum, olfactory bulbs, midbrain,
hindbrain,

neural

tube,

lateral

line,

inner

ear,

pancreas,

gut,

and

fin.

Using

immunohistochemistry and in situ hybridization, we compare the expression of the nrd:egfp
transgene to that of endogenous neurod and to known retinal cell types. Consistent with
previous data based on in situ hybridizations, we show that during retinal development, the
nrd:egfp transgene is not expressed in proliferating retinal neuroepithelium, and is expressed in
a subset of retinal neurons. In contrast to previous studies, nrd:egfp is gradually re-expressed in
all rod photoreceptors. During photoreceptor regeneration in adult zebrafish, in situ hybridization
reveals that neurod is not expressed in Müller glial-derived neuronal progenitors, but is
expressed in photoreceptor progenitors as they migrate to the outer nuclear layer and
differentiate into new rod photoreceptors. During photoreceptor regeneration, expression of the
nrd:egfp matches that of neurod. We conclude that Tg(nrd:egfp)/albino is a good representation
of endogenous neurod expression, is a useful tool to visualize neurod expression in a variety of
tissues, and will aid in investigating the fundamental processes that govern photoreceptor
regeneration in adults.
Introduction
NeuroD is a basic helix-loop-helix (bHLH) transcription factor that plays a common role
in persistently mitotic cells as an essential link between cell cycle exit, cell fate determination,
and cell survival (Ochocinska and Hitchcock 2007). In the vertebrates, neurod is expressed in
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areas of the brain including the cortex, cerebellum, olfactory bulb, eye, and midbrain (Sommer,
Ma et al. 1996; Korzh, Sleptsova et al. 1998; Ochocinska and Hitchcock 2007; Osorio, Mueller
et al. 2010). Neurod is also expressed in the developing endocrine pancreas (Kelly and Melton
2000), the auditory and vestibular neuroblasts of the developing inner ear (Lawoko-Kerali,
Rivolta et al. 2004), and the lateral line of teleost fish (Sarrazin, Villablanca et al. 2006). In both
mice and zebrafish, neurogenin is expressed in cells prior to neurod, (Sommer, Ma et al. 1996;
Korzh, Sleptsova et al. 1998) and overexpression of the Neurogenin homolog in Xenopus (XNGNR-1) induces ectopic expression of Xneurod mRNA (Ma, Kintner et al. 1996), suggesting
that neurogenin is an upstream regulator of neurod. During both zebrafish and mammalian
retinogenesis, neurod is first expressed in retinal neuroepithelial cells as they exit the cell cycle.
Once distinct cell types have formed, neurod is expressed in a subset of cells in both the inner
nuclear layer (INL) and outer nuclear layer (ONL), but not in the ganglion cell layer (GCL)
(Morrow, Furukawa et al. 1999; Ochocinska and Hitchcock 2007). By adulthood, neurod
expression was previously reported to persist in a subset of amacrine cells and nascent cone
photoreceptors near the retinal margins (Hitchcock and Kakuk-Atkins 2004; Ochocinska and
Hitchcock 2007).
NeuroD functions in both neuronal and non-neuronal tissues and its specific role
appears to be dependent of the mitotic state of the cell. In mitotic cells, NeuroD specifically
regulates proliferation (Lee, Hollenberg et al. 1995; Miyata, Maeda et al. 1999) and cell cycle
exit (Mutoh, Fung et al. 1997). This was first demonstrated in Xenopus embryos where ectopic
expression of Xneurod results in premature differentiation of neuronal precursors (Lee,
Hollenberg et al. 1995). In postmitotic cells, loss of NeuroD function can result in cell death
during after cell differentiation (Miyata, Maeda et al. 1999; Liu, Pereira et al. 2000; Liu, Pleasure
et al. 2000; Pennesi, Cho et al. 2003). For example, NeuroD-null mice are deaf due to apoptosis
of the otic epithelium and neurons that form the cochlear-vestibular ganglion (Liu, Pereira et al.
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2000). In addition, loss of NeuroD in mice also causes age-related rod photoreceptor
degeneration (Pennesi, Cho et al. 2003).
During mouse retinogenesis, neurod expression in retinal progenitors promotes the
genesis of neurons versus glial cells, and specifically promotes amacrine cell fates versus
bipolar cell fates (Morrow, Furukawa et al. 1999; Inoue, Hojo et al. 2002). In the developing
chick retina, NeuroD is necessary and sufficient for photoreceptor differentiation (Yan and Wang
1998; Yan and Wang 2004). During zebrafish retinogenesis, NeuroD regulates exit from the cell
cycle among late-stage photoreceptor progenitors (Ochocinska and Hitchcock 2009).
Tg(nrd:egfp) expression is observed in multiple tissues from embryonic development
through adulthood
The expression of the nrd:egfp transgene was first examined by wholemount
fluorescence microscopy. Consistent with previously submitted gene expression data of
endogenous neurod (Rauch, Middendorf et al. 2003), the transgene is not maternally expressed
(data not shown), and was not observed during gastrulation at 6 hours post-fertilization (Fig.
14A). EGFP expression was first observed at 24 hours postfertilization (hpf) in the olfactory
bulbs, pineal gland, inner ear, midbrain, hindbrain, pancreas and neural tube (Fig. 14B-D), but
was not observed in the developing eye (Fig. 14C). This expression pattern was identical to the
previously reported expression pattern of endogenous neurod (Rauch, Middendorf et al. 2003).
In the developing zebrafish retina, endogenous neurod was first observed in the ventral nasal
patch at 31 hpf (Ochocinska and Hitchcock 2007) (Fig. 14E), which coincides with the initiation
of a ventral-to-dorsal wave of neurogenesis. At 32 hpf, very weak EGFP expression (note the
over-saturation of the surrounding tissues) was observed in the retina immediately dorsal to the
ventral nasal patch (Fig. 14F). At 48 hpf, EGFP-positive cells were observed throughout the
inner retina (Fig. 14G, arrows) and outer retina (Fig. 14G, arrowhead), indicating that the wave
of neurogenesis had completed. Persistent EGFP expression was also observed in areas of the
central nervous system, lateral line, and the pancreas (Fig. 14H–L).
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In the adult zebrafish, we observed persistent and intense EGFP expression in the eye,
pineal gland, and cerebellum (Fig. 15B, D, F). This is consistent with previous reports indicating
expression of endogenous neurod in the adult pineal gland (Korzh, Sleptsova et al. 1998;
Mueller and Wullimann 2002) and cerebellum (Kaslin, Ganz et al. 2009; Kani, Bae et al. 2010).
Expression was also observed surrounding the anus (Fig. 15H-I). Closer examination of the
zebrafish body revealed weak EGFP expression in an extension of the lateral line, which was
especially visible near the tail fin girdle (Fig. 15J, K). This expression revealed intricate nerve
arborization and synaptic boutons (Fig. 15K, L). In addition, EGFP expression was observed in
ganglia associated with the nerve that extends through each bony hemiray of the caudal fin,
which are anchored in the fin girdle and give support for fin structure (Fig. 16B, C’, D’). The
transgene was not upregulated in the wound epithelium or proliferative blastema during fin
regeneration, but was re-expressed in ganglia associated with the regenerating nerve (data not
shown). In addition, EGFP was observed in the adult endocrine pancreas and in presumptive
enteroendocrine cells in the gut epithelium. Specifically, EGFP co-labeled with Insulin in the
endocrine pancreas, but was not expressed in the surrounding exocrine pancreas (Fig. 17A’’’).
Finally, EGFP was observed in a small number of cells within the intestinal epithelium (Fig. 17BC). Neurod has previously been shown to be expressed in enteroendocrine cells and to be
required for proper enteroendocrine cell differentiation. Based on these data and the location,
distribution, and morphology of the EGFP-positive cells observed in the gut, the transgene
appears to label both endocrine cells of the pancreas and enteroendocrine cells in the adult gut.
The nrd:egfp transgene is expressed in cells as they exit the cell cycle and in a subset of
differentiated retinal neurons
During retinal development in zebrafish, neurod is required for photoreceptor progenitors
to exit the cell cycle (Ochocinska and Hitchcock 2009). We examined expression of the nrd:egfp
transgene in relationship to retinal progenitors immunolabled with Proliferating Cell Nuclear
Antigen (PCNA), a marker for proliferating cells (Vihtelic and Hyde 2000; Thummel, Kassen et
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al. 2008). At 42 hpf, we observed PCNA-positive cells restricted to the circumferential marginal
zone (CMZ) and EGFP expression in the central retina with colocalization of cells in the
overlapping regions of EGFP and PCNA expression (Fig. 18A). Following retinal lamination, at
72 and 96 hpf, PCNA-positive cells were restricted to the CMZ and no longer colocalized with
the transgene, and EGFP expression was observed in a subset of amacrine and bipolar cells
(Fig. 18B-C).
Closer examination of the nrd:egfp transgene expression during retinal development and
in adulthood revealed similarities and differences between EGFP expression and the previous
report of endogenous neurod expression. Similar to the previous observation (Ochocinska and
Hitchcock 2007), EGFP expression was not observed in undifferentiated neuroepithelium 24 hpf
(Fig. 19A) and at no age was EGFP observed in the retinal progenitors located in the
circumferential marginal zone (CMZ) (Figs. 18 and 19). EGFP was first observed in the retina
immediately adjacent to the ventral nasal patch at 32 hpf (Fig. 19B). EGFP expression
expanded throughout the inner and outer retina at 48 hpf (Fig. 19C). At 72 hpf, endogenous
neuroD expression was reported to be expressed only in amacrine cells and in the ONL
(Ochocinska and Hitchcock 2007). In contrast, EGFP was present in a subset of ganglion cells,
amacrine cells, and bipolar cells, but was not detected in the ONL (Fig. 19D). In addition, the
EGFP signal grew slowly in the population of rod photoreceptors, starting at 2 weeks post
fertilization (wkpf) (Fig. 19F), and was present in all rod photoreceptors in adults (Fig. 19H).
Although expression in the ONL and bipolar cells was not reported previously, we find that
endogenous neurod is expressed in each of these cell types in adults (Fig. 19I–I’’). Specifically,
weak expression of neurod was observed in the ONL, with strong expression in the rod
photoreceptor inner segments. In the INL, every EGFP-positive cell exhibited at least some
neurod expression. However, many cells that were strongly expressing neurod, showed only
weak EGFP, and vice versa, perhaps reflecting the dynamic regulation of neurod transcription in
these neurons.
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Adult retinas were characterized further using morphological analysis and antibody
markers to identify cell types that express the nrd:egfp transgene. EGFP was observed in all rod
photoreceptor cell bodies and in rod inner and outer segments (Fig. 20A, B’), but not in double
cones (Fig. 20C, D’). Further, EGFP was observed in a subset of the amacrine cells, and very
weak expression was detected in a small population of ganglion cells (Fig. 20E, F’), but not
observed in Müller glia (Fig. 20G, H’). Since adult zebrafish contain at least 17 subtypes of
bipolar cells, EGFP-positive bipolar cells were identified by the location, size and shape of the
somata, shape of the dendritric tree, and the sublaminal innervation level in the inner plexiform
layer (IPL). Based on the previously described characteristics of each subtype, we observed
seven subtypes of EGFP-positive OFF bipolar cells (Boff-s1, Boffs2w, Boff-s3, Boff-s1/s2, Boffs1/s3, Boff-s2/s3, and Boff-s1/s4) in adult nrd:egfp retinas, including many cases where the
projections could be traced from the photoreceptors to the IPL (Fig. 20F’, arrowhead).
Tg(nrd:egfp) expression in the light-damaged adult zebrafish retina
We examined the spatial and temporal expression of the nrd:egfp transgene following
photolytic lesions and during photoreceptor regeneration. Specifically, we examined expression
of the nrd:egfp transgene in relationship to retinal progenitors immunolabled with PCNA and
Müller glia immunolabeled with Glutamine Synthetase. In the INL, 48 hours after light onset,
Müller glia reenter the cell cycle and express PCNA (Fig. 21A; see Vihtelic and Hyde 2000). At
this time, EGFP was not detected in the Glutamine Synthetase-positive Müller glia or their
immediate progeny (Fig. 21A, B). At 72 and 96 hours after light onset, large numbers of
progenitor cells were observed (Fig. 21C, D). Very weak EGFP expression was also observed
in clusters of cells in the INL (Fig. 21E, F). Further characterization of these EGFP-positive
clusters revealed a down-regulation of Glutamine Synthetase (Fig. 21G, H) and PCNA coimmunolocalization (Fig. 21I–L’). This is consistent with a previous report that showed that
Müller glia down-regulate cell-specific markers after the reenter the cell cycle to produce large
clusters of PCNA-positive progenitors (Thummel, Kassen et al. 2008). At 96 hours after light
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onset, weak, somewhat disorganized, EGFP-positive cells were present in the ONL (Fig. 21F),
and co-labeled with PCNA (Fig. 21K). 7 days after light onset, proliferating cells in the INL were
not observed, however, EGFP co-labeled with a large number of PCNA-positive progenitors in
the ONL (Fig. 21M). 11 days after light onset, the transgene was weakly expressed in the newly
formed rod photoreceptors in the ONL (Fig. 21N).
A closer examination of the outer retina was performed using Zpr-3, which labels rod
photoreceptor outer segments. 48 hours after light onset, the number of EGFP-positive rod
photoreceptors was greatly reduced, along with their Zpr-3-positive outer segments (Compare
Fig. 22B to 22A). By 72 hours after light onset, newly-formed rod progenitors were observed in
the ONL (Fig. 22C). These were readily discerned from existing rod photoreceptors due to the
comparatively weak expression of the transgene (Fig. 22C, inset). 96 hours after light onset, the
number of EGFP-positive rod progenitors was greatly increased, although they were still
somewhat disorganized (Fig. 22D). 7 days after light onset, the newly formed rod
photoreceptors had become more organized (Fig. 22E) and 11 days after light onset,
regenerated rod inner segments and Zpr-3-positive outer segments were observed (Fig. 22F).
Full regeneration of rod outer segments was not achieved until 28 days after light onset (data
not shown).
In order to determine whether the weakly-EGFP positive cells in the ONL (Fig. 22C,
inset) were derived from progenitors or were undamaged photoreceptors that simply downregulated EGFP, we performed an EdU cell-tracing experiment. EdU is a thymidine analog that
incorporates into dividing cells during the S-phase and can be used to trace proliferating cells to
their terminal location. As was previously reported (Bailey, Fossum et al. 2010), daily injections
of EdU following light onset results in labeling of many, if not all, of the neuronal progenitors. We
repeated this method (Fig. 23A) and found that at 96 hours after light onset all the weaklyEGFP-positive cells in both the INL and ONL were also EdU-positive (Fig. 23B, B’). For a better
resolution of individual cells in the ONL, we performed a single injection of EdU immediately
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prior to the light treatment, which only labeled a subset of the progenitors. At 96 hours after light
onset, we found that the EdU-positive cells in the ONL were weakly stained with EGFP (Fig.
23F, F’), indicating that they were derived from progenitors. Importantly, with either injection
method, we found that none of the strongly-EGFP-positive rod nuclei in the ONL were EdU
positive (Fig. 23B-B’, F-F’), indicating that this line can be used to distinguish between
undamaged and newly-formed rod photoreceptors.
Tg(nrd:egfp) expression in comparison to endogenous neurod expression during
photoreceptor regeneration
In situ hybridization was used to compare endogenous and transgenic expression of
neurod during photoreceptor regeneration. Prior to light treatment, dark-adapted adult
Tg(nrd:egfp)/albino retinas showed endogenous neurod in a subset of amacrine and bipolar
cells in the INL, weak expression in rod photoreceptor soma, and strong expression in rod inner
segments (Figs. 24A, C-C’). The expression of endogenous neurod in the rod inner segments
was not observed in non-dark treated animals (data not shown), indicating dynamic expression
changes of neurod in photoreceptors during dark adaptation. Similarly, EGFP was strongly
expressed in all rod photoreceptors, and a subset of amacrine and bipolar cells (Fig. 24B). 72
hours after light onset, nearly all rod and cone photoreceptors are destroyed (Fig. 24D-E,
asterisk). Endogenous neurod was observed in isolated INL progenitors as they migrated to the
ONL (Fig. 24F’).

eak EGFP e pression was observed in these cells using GFP

immunohistochemistry alone (Fig. 21E-F), but not when GFP immunohistochemistry was
combined with in situ hybridizations. At 7 days after light onset, two distinct bands of
endogenous and transgenic neurod were observed in the ONL (Fig. 24G-H). EGFP was
observed in a band of the cell bodies of newly regenerated rods immediately adjacent to the
outer plexiform layer (Fig. 24H, arrowhead). Endogenous neurod was strongly expressed in a
band of rod cell bodies immediately distal to the EGFP band (Fig. 24I-I’), while very few cells
that co-expressed endogenous neurod and EGFP were observed (Fig. 24I’).
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Discussion
To evaluate the utility of the nrd:egfp transgenic line, we compared the expression of the
transgene to that of endogenous neurod during retinal development, in the adult retina and
during photoreceptor regeneration. Previously, RNA in situ hybridization showed that during
early retinogenesis neurod is first expressed in the ventral nasal patch and then throughout the
neuroepithelium. Subsequently, neurod is transiently expressed in the nascent photoreceptors
in the outer nuclear layer and persistently expressed in a subset of amacrine cells in the inner
nuclear layer (Ochocinska and Hitchcock 2007). Similarly, we show that the nrd:egfp transgene
is initially expressed adjacent to the ventral nasal patch (Figs. 14F and 19B), and then
throughout the neuroepithelium and nascent photoreceptor layer (Fig. 19C). In contrast to the in
situ data, however, EGFP is also present in bipolar cells, in a small fraction of rod
photoreceptors at 2 wpf, and in all rod photoreceptor cell bodies at adulthood.
There are potential explanations for the subtle temporal and cellular disparities in the
expression of neurod and the nrd:egfp transgene. One possibility is that the nrd:egfp transgene
lacks a required silencer or is influenced by neighboring enhancers near the site of integration.
However, it would have to lie far outside the coding region, as the transgene was created from a
BAC and contains 67 kb of sequence upstream and 89 kb of sequence downstream
of neurod open reading frame (Obholzer, Wolfson et al. 2008). Another possibility is that mature
bipolar cells and rod photoreceptors, not observed following in situ hybridizations, produce very
low levels of endogenous neurod, and the stability of EGFP more readily allows for the detection
of these cells. In support of this interpretation, prior to light treatment we observed weak
expression of endogenous neurod in all rod photoreceptor cells by in situ hybridization, and
strong expression of EGFP in the same cells (Figs. 19I–I’’, 24A and B).
We observed both overlapping and distinct expression profiles for endogenous and
transgenic neurod expression during retinal regeneration. In both cases, neurod was not
observed in dividing Müller glia or in the early stages of neuronal progenitor amplification. Both
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endogenous and transgenic neurod were first observed in INL progenitors in later stages of
proliferation as these progenitors were migrating to the ONL (Fig. 24F′ and 21E). At this point
endogenous neurod expression was very strong in these progenitors, whereas EGFP was very
weak (Compare Fig. 24F′ to 21E). By 3 days post light treatment, two distinct bands of
expression were observed. At this point, endogenous neurod was downregulated in the first
wave of newly regenerated rod photoreceptors that were closest to the INL, whereas EGFP was
strongly expressed in these cells. In contrast, endogenous neurod was highly expressed in the
next wave of rod photoreceptors located distal to the first band of cells, but EGFP was not yet
present. These differences in endogenous and transgene expression may be explained by
dynamic changes in endogenous neurod expression compared to the relatively long (~24 hour)
half-life of EGFP. In each case, endogenous neurod expression proceeded EGFP expression
and EGFP was visualized after the downregulation of endogenous neurod.
Expression of neurod is often found in tissues with persistent mitotic activity. Although
the

zebrafish

retina

continues

to

grow

throughout

its

life,

we

did

not

observe

the neurod transgene in known locations of persistent neurogenesis in the retina. For example,
consistent with previously published in situ hybridizations, neurod transgene expression was not
observed during retinogenesis in the progenitors located in the circumferential marginal zone
(CMZ), but did overlap with PCNA-positive cells as they exit the CMZ and begin differentiating
(Fig. 18A). Similarly, during retinal regeneration, endogenous and transgenic neurod was not
observed in Müller glial or their immediate progeny, but in later stage progenitors prior to
photoreceptor differentiation (Figs. 21, 22, 24). This is consistent with anti-sense morpholino
studies in early zebrafish development which show that in the absence of NeuroD, rod and cone
progenitors fail to exit the cell cycle (Ochocinska and Hitchcock 2009). In addition, the
developing chick retina requires neurod for photoreceptor differentiation (Yan and Wang 1998;
Yan and Wang 2004). Together, these data suggest that the major function of NeuroD in the
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developing retina is in regulating mechanisms that promote cell cycle exit. It has yet to be
determined whether NeuroD plays a similar role during retinal regeneration in the adult.
One potential use would be to utilize the line to visualize the reestablishment of the
synapses connecting rod photoreceptor and bipolar cells. During intense light damage, rod
photoreceptors are lost, but the underlying bipolar cells remain (Fig. 22B). Once disconnected
from the photoreceptor, the bipolar cell processes hypertrophy and bud out, presumably in an
attempt to re-establish the lost connection (data not shown). Once the new photoreceptor was
regenerated, this connection was re-established. Since a subset of bipolar cells and newly
formed rod photoreceptors are both EGFP-positive, this line could be used for in vivo imaging
and genetic manipulation of this dynamic and poorly understood process.
This line also has potential uses for studies on the endocrine pancreas. NeuroD has
been shown to be expressed in the endocrine pancreas in a variety of vertebrates (Kelly and
Melton 2000; Gu, Stein et al. 2010). Loss of NeuroD in mice results in abnormal pancreatic βcell maturation and function (Gu, Stein et al. 2010), severe hyperglycemia and neonatal
death (Naya, Huang et al. 1997). We show the neurod transgene was expressed the endocrine
pancreas and could be used as a visual marker for β-cell function, particularly in the growing
field using zebrafish as a vertebrate model for diabetes (Eames, Philipson et al. 2010; Jurczyk,
Roy et al. 2010; Olsen, Sarras et al. 2010).
In summary, given the diverse areas of neurod expression in the developing and adult
zebrafish, we anticipate that the Tg(nrd:egfp)/alb line will be a useful tool in multiple disciplines,
including future studies on photoreceptor differentiation and retinal progenitor proliferation.

54

55

Figure 14: Wholemount brightfield and flourescent images showing nrd:egfp transgene
expression in the developing Tg(nrd:egfp)/alb zebrafish. A) Brightfield image with
fluorescent inset showing the absence of transgene expression at 6 hpf. Arrowhead notes the
gastrulation site B) Fluorescent image with a brightfield inset at 24 hpf showing EGFP
expression in the developing pancreas (arrow), olfactory bulbs (single arrowhead), and regions
of the midbrain and hindbrain (double arrowheads). C) High magnification overlay of brightfield
and fluorescent images at 24 hpf. EGFP is detected in the olfactory bulbs (arrowheads), pineal
gland (arrow), and inner ear (top right of panel). At this time it is not observed in the developing
eye. D) High magnification overlay of brightfield and fluorescent images at 24 hpf showing
EGFP expression in the neural tube. E) RNA in situ hybridization at 31 hpf, showing
endogenous neurod expression in the ventral nasal patch (arrow), immediately adjacent to the
choroid fissure (arrowhead). F) Fluorescent image showing EGFP-positive cells in the retina at
32 hpf that are within a region (white arrows) immediately adjacent to the ventral nasal patch
(black arrow). The choroid fissure is marked with a white arrowhead. G) High magnification
overlay of brightfield and fluorescent images at 48 hpf showing EGFP expression in throughout
the inner retina (arrows) and in the outer retina (arrowhead). H) Overlay of brightfield and
fluorescent at 48 hpf (with brightfield image inset), showing EGFP in the developing pancreas.
(I–J) Fluorescent (I) and brightfield overlay (J) of image shown in H. EGFP expression is
observed in the neural tube and lateral line (arrow). K) Fluorescent image of the dorsal head at
48 hpf. EGFP expression is observed in the pancreas (arrow), inner ear (arrowhead, with
bracket to indicate location of ear), and regions of the CNS. L) Corresponding overlay of
brightfield and fluorescent images. Abbreviations: L (Lens), Re (Retina), AYE (Anal Yolk
Extension), Nc (Notochord), Nt (Neural tube). Scale bar: 250 (A); 250 microns (B, H); 100
microns (C, D, I, J); 50 microns (E); 50 microns (K, L).
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Figure 15: Wholemount brightfield and fluorescent images showing nrd:egfp trangene
expression in adult Tg(nrd:egfp)/alb zebrafish. A) A multiple brightfield image overlay
showing the entire adult fish. Arrowhead indicates the location of the pineal gland (E) and
cerebellum (F). The boxes and corresponding panel letter indicate the location of the higher
magnification images shown in Panels C–K. B) Corresponding fluorescent image to Panel A,
showing EGFP expression in the eye (white arrow) and the pineal (white arrowhead). C–D)
Brightfield and corresponding fluorescent image showing EGFP expression in the eye. E)
Brightfield image of the dorsal side of the head showing the pineal gland (arrow), telecephalon
(Te), and cerebellum (Ce, arrowhead). F) Corresponding fluorescent image showing EGFP
expression in the pineal gland (arrow) and cerebellum (arrowhead). G–I) Brightfield, overlay,
and fluorescent images of the anus and its expression of the transgene. J–K) Brightfield and
corresponding fluorescent image showing EGFP expression in nerves located near the girdle of
the tail fin. The box indicates the location of image shown in Panel L. L) A high magnification
fluorescent image of a branch of the nerve shown in Panel K, most likely of the posterior lateral
line, showing EGFP expression in each of the terminating synaptic buttons. Scale bar: 2 mm
(A).
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Figure 16: Wholemount brightfield and flourescent images showing nrd:egfp transgene
expression in the adult caudal tail fin. A) Brightfield image of the adult caudal fin. B)
Corresponding fluorescent image to panel A. EGFP expression is visualized in the nerve
coursing through each bony hemiray of the caudal fin. C–C′) High magnification brightfield and
corresponding fluorescent overlay showing multiple bony lepidotrichia. The arrows point to the
nerve running within each bony hemiray and arrowheads point to EGFP-positive ganglia
associated with the nerve. (D and D′) A section of a single bony ray immunolabeled with EGFP
to show the transgene and co-labeled with TO-PRO-3 to show all nuclei (magenta). The white
line in Panel D shows the location of the nerve. Ep = Epithelium, Bn = bony ray, CT = connective
tissue.
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Figure 17: Section from Tg(nrd:egfp)/alb zebrafish showing nrd:egfp trangene expression
in the endocrine pancreas and gut. Immunolocalization of EGFP (A, green) co-labels with
Insulin (A′, red) in the endocrine pancreas (A′″, En). Co-labeling with TO-PRO-3 shows all nuclei
(A′″, blue) and indicates the surrounding e ocrine pancreas (A′″, E ) and adjacent lumen of the
gut (A′″, Lu). B) EGFP e pression can be visualized in enteroendocrine cells within each villus
and in the surrounding smooth muscle. The adjacent pancreas is also visible (arrow). C) High
magnification image of the box in panel B.
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Figure 18: Retinal sections from embryonic Tg(nrd:egfp)/alb zebrafish immunolabeled
with PCNA and EGFP. A) EGFP and PCNA immunolocalization at 42 hpf, showing transgene
expression in the central retina and proliferating cells primarily restricted to the CMZ (arrows). BC) At 72 and 96 hpf, EGFP is detected in a subset of ganglion, amacrine and bipolar cells, and
is not present in the outer nuclear layer. Proliferating cells are restricted to the CMZ (arrows),
and there is no evidence of PCNA and EGFP co-immunolabeling. Scale bars: 25 microns (A)
and 50 microns (B, C).
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Figure 19: Retinal sections from embryonic Tg(nrd:egfp)/alb zebrafish showing EGFP
and a nuclear stain, TO-PRO-3. RNA in situ hybridization in adult Tg(nrd:egfp)/albino retinas
comparing endogenous expression of neurod to the transgene (I–I″). A) At 24 hpf, EGFP is not
detected in the retinal neuroepithelium. B) At 32 hpf, EGFP is detected immediately adjacent to
the ventral nasal patch (arrow). C) At 48 hpf, distinct retinal layers can be visualized. EGFP is
detected in the ganglion cell layer (G), inner nuclear layer (I) at the level of the amacrine cells,
and in the outer nuclear layer (O), but is not detected in the CMZ (arrowheads). D) At 72 hpf,
EGFP expression is restricted to very few ganglion cells (G), a subset of amacrine (A) and
bipolar cells (arrow), as well as the inner plexiform layer (arrowhead). E) At 96 hpf, persistent
EGFP expression is visible in a subset of amacrine and bipolar cells, in the inner plexiform
layer, and weakly expressed in a few ganglion cells (G). F) At 2 wkpf, EGFP begins to reappear
in a subset of rod photoreceptors (arrowhead). G) At 6 wkpf, a majority of rod photoreceptors
express EGFP as well as a subset of amacrine and bipolar cells, and the inner plexiform layer.
H) In the adult eye, all rod photoreceptors express EGFP, as well as a subset of amacrine and
bipolar cells. I–I′″) Comparing endogenous neurod (I) to transgenic neurod (I″) in the adult
retina. Endogenous neurod is weakly expressed in rod photoreceptor soma in the outer nuclear
layer (ONL, double arrowheads) and their corresponding rod inner segments (asterisk).
Expression is also observed in individual neurons in the inner nuclear layer (INL). Strong EGFP
was observed in the ONL (double arrowheads) and rod inner segments (above), and in
individual neurons in the INL. Scale bars: 50 microns (A–G), 300 microns (H), 50 microns (I–I′″).
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Figure 20: Retinal sections from adult Tg(nrd:egfp)/alb zebrafish. A) Immunolocalization of
GFP (green) to visualize the nrd:egfp transgene and Zpr-3 to visualize rod photoreceptors. B)
Higher magnification inset of (A) showing Zpr-3 immunolocalization in rods. B′) Overlay image
showing that the transgene is present in rod photoreceptors and co-labels with rod inner and out
segments. C) Immunolocalization of GFP (green) to visualize the nrd:egfp transgene and Zpr-1
(red) to visualize double cones. D) Higher magnification inset of (A) showing Zpr-1
immunolocalization in double cones. D′) Overlay image showing that EGFP is restricted to rod
photoreceptor soma and outer segments and does not co-label with double cones. E)
Immunolocalization of GFP (green) to visualize the nrd:egfp transgene and HuC/D (red) to
visualize all amacrine and ganglion cells. F) Higher magnification inset of (C) showing HuC/D
expression in amacrine and ganglion cells only. F′) Overlay image showing co-labeling of EGFP
with a subset of HuC/D-positive amacrine cells (arrows) and a HuC/D-negative bipolar cell
extending its processes from the photoreceptors to the IPL (arrowhead). G) Immunolocalization
of GFP (green) to visualize the nrd:egfp transgene and Glutamine Synthetase (G.S.; red) to
visualize all Müller glial cells. H) Higher magnification inset of (E) showing G.S.-positive Müller
glial cells. H′) Overlay image showing that EGFP does not co-label with G.S.-positive Müller glial
cells. ROS, rod outer segments; CC, cone cells; ONL, outer nuclear layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 50 microns (A, C, E, G).
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Figure 21: Retinal sections from adult Tg(nrd:egfp)/alb zebrafish over a time course of
light treatment. A) At 48 hours after light onset, almost all rod photoreceptors have been
ablated and proliferating cells can be seen in the in the INL. B) At this time point, Müller glial
cells express Glutamine Synthetase (G.S., red, arrow), and do not co-label with EGFP
(arrowhead). C) At 72 hours after light onset, clusters of proliferating progenitors begin to
migrate towards the ONL (arrowheads). D) At 96 hours post light onset, PCNA-positive
progenitors (arrowheads) are present in both in INL and ONL. E–F) At 72 and 96 hours after
light onset, clusters of progenitors weakly express EGFP (arrowheads). F) At 96 hours after light
onset, EGFP is observed in the newly-formed ONL. G–H) At 72 and 96 hours after light onset,
weakly-EGFP-positive clusters in the INL (arrowheads) down-regulated Glutamine Synthetase.
Müller glial cells that did not re-enter the cell cycle strongly express G.S. (arrows), but are
EGFP-negative. I–J′) At 72 hours after light onset, weakly-EGFP-positive cells in both the INL
and ONL co-label with PCNA. The bo in I represents J and J′. K–L′) At 96 hours after light
onset, weakly-EGFP-positive cells in both the INL (arrowheads) and ONL continue to co-label
with PCNA. The box in K represents the PCNA and EGFP labeling shown in L and L′,
respectively. M) At 7 days after light onset, a subset of PCNA-positive progenitors in the ONL
co-label with EGFP N) At 11 days after light onset, EGFP can be visualized in rod
photoreceptors and newly-formed rod inner segments (arrowhead).
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Figure 22: High magnification images of retinal sections from adult Tg(nrd:egfp)/alb
zebrafish over a time course of light treatment. Retinal sections immunolabeled with EGFP
(green) to visualize the nrd:egfp transgene and Zpr-3 (red) to visualize rod photoreceptors. A)
Prior to light onset (0 hr), EGFP co-labels with Zpr-3 and is observed in rod photoreceptor
soma, rod inner segments (RIS) and rod outer segments (ROS). (B) At 48 hours after light
onset, the ROS and RIS are almost completely destroyed and only a few EGFP-positive cells
remain in the ONL. (C) At 72 hours after light onset, newly-formed rod progenitor cells are
present in the ONL. These could be readily discerned from existing rod photoreceptors due to
their comparably weak expression of the transgene (inset shows new rod progenitor on the left).
(D) At 96 hours after light onset, a greater number of new regenerated cells are present in the
ONL, although it still somewhat disorganized. (E) At 7 days after light onset, newly differentiated
rod photoreceptors appear more organized and greater in abundance. (F) At 11 days after light
onset, EGFP is expressed in the newly formed rod photoreceptors and co-labels with Zpr-3positive and newly-formed RIS and R0S. Scale bar: 50 microns (A–F).
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Figure 23: Retinal sections from adult Tg(nrd:egfp)/alb zebrafish at 96 hours after light
onset showing transgene expression. A). Schematic representation of EdU injections during
the light time course with corresponding immunolocalization shown in Panels B–D′. B–B′) EGFP
and EGFP/EdU co-labeling, showing weakly-EGFP-positive cells in the INL (arrowheads) and
ONL co-label with EdU. The bo es in B′ represent the panels shown in C–D′. C) Higher
magnification image showing the weakly-EGFP-positive progenitors co-label with EdU
(arrowheads), but strongly-EGFP-positive rod nuclei (arrow) are EdU-negative. D–D′) Higher
magnification image showing EGFP and EdU immunolocalization, respectively, in a cluster of
INL progenitors. E) Schematic representation of a single EdU injection prior starting the light
treatment in order to label a subset of the progenitors. F–F′). High magnification confocal
microscopy showing EGFP and EGFP/EdU co-labeling in the ONL at 96 hours after light onset.
An individual EdU-positive cell in the ONL (arrowhead) co-labels with weak EGFP expression.
The strongly-EGFP-positive cell, in contrast, is EdU-negative (arrow).
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Figure 24: RNA in situ hybridization on retinal sections from adult Tg(nrd:egfp)/alb
zebrafish comparing endogenous neurod expression to transgene expression during
light-induced retinal regeneration. A) Before light treatment (0 hr), endogenous neurod is
expressed in a subset of amacrine and bipolar cells, weakly expressed in rod photoreceptors in
the ONL (arrowhead), and expressed in rod inner segments (RIS). B) The nrd:egfp transgene is
expressed in a subset of amacrine and bipolar cells, in rod photoreceptors in the ONL
(arrowhead), and weakly in RIS. C) Overlay of panels (A) and (B). C′) Higher magnification inset
of (C) showing co-labeling of endogenous and transgenic neurod expression in a subset of cells
in the INL (arrowheads). D) 72 hours after light onset (72 hr), all rod photoreceptors have been
ablated (indicated by the asterisk), and endogenous neurod is persistently expressed in a
subset of amacrine and bipolar cells. E) The nrd:egfp transgene is persistently expressed in a
subset of amacrine and bipolar cells. F) Overlay of panels (D) and (E). F′) Higher magnification
inset of (F) showing co-labeling of endogenous and transgenic neurod expression in a column
of progenitor cells (indicated by the arrowhead), and a subset of cells of the INL. G) 7 days after
light onset (7 d), endogenous neurod is strongly expressed in newly formed rods in the ONL
(black arrowhead), and persistently expressed in a subset of amacrine and bipolar cells. The
inset shows expression of neurod in newly-formed rod inner segments (white arrowhead). H)
The transgene is more weakly expressed in newly formed rods, and persistently expressed in a
subset of amacrine and bipolar cells. I) Overlay of panels (G) and (H). I′) Higher magnification
inset of (I) showing co-labeling of endogenous and transgenic neurod expression in a subset of
INL cells (arrowhead), and in newly formed rod progenitors. Scale bar: 50 microns (A–C, D–F,
G–I).
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CHAPTER 2: CHARACTERIZATION OF MULTIPLE LIGHT DAMAGE PARADIGMS
REVEALS REGIONAL DIFFERENCES IN PHOTORECEPTOR LOSS
Summary
Zebrafish provide an attractive model to study the retinal response to photoreceptor
apoptosis due to its remarkable ability to spontaneously regenerate retinal neurons following
damage. There are currently two widely-used light-induced retinal degeneration models to
damage photoreceptors in the adult zebrafish. One model uses constant bright light, whereas
the other uses a short exposure to extremely intense ultraviolet light. Although both models are
currently used, it is unclear whether they differ in regard to the extent of photoreceptor damage
or the subsequent regeneration response. Here we report a thorough analysis of the
photoreceptor damage and subsequent proliferation response elicited by each individual
treatment, as well as by the concomitant use of both treatments. We show a differential loss of
rod and cone photoreceptors with each treatment. Additionally, we show that the extent of
proliferation observed in the retina directly correlates with the severity of photoreceptor loss. We
also demonstrate that both the ventral and posterior regions of the retina are partially protected
from light damage. Finally, we show that combining a short ultraviolet exposure followed by a
constant bright light treatment largely eliminates the neuroprotected regions, resulting in
widespread loss of rod and cone photoreceptors and a robust regenerative response throughout
the retina.
Introduction
Photoreceptor apoptosis is the final pathway in many human retinal degenerative
diseases, including age-related macular degeneration (AMD) and retinitis pigmentosa (RP)
(Portera-Cailliau, Sung et al. 1994; Chang, Tan et al. 2003; Marc, Jones et al. 2008). Lightinduced retinal degeneration (LIRD) is an established method to induce photoreceptor apoptosis
and has many advantages over other models of AMD and RP. LIRD leads to faster
photoreceptor degeneration than observed in genetic animal models of AMD and RP. In
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addition, LIRD initiates cell death of large numbers of photoreceptors in a synchronized manner,
as opposed to genetic models, where photoreceptors are at various stages of health or
degeneration (Wenzel, Grimm et al. 2005). Further, LIRD selectively destroys photoreceptors,
leaving the inner retina largely intact (Vihtelic and Hyde 2000; Vihtelic, Soverly et al. 2006).
Finally, LIRD can be used in many different vertebrate species, including rats, mice, frogs, and
fish, which allows researchers to take advantage of the unique biological and practical strengths
of each of these vertebrate model systems.
There are currently two LIRD paradigms used to damage photoreceptors in adult
zebrafish (Fig. 25). Constant exposure to bright light (~8000 lux) is a widely-used technique that
causes photoreceptor loss in the dorsal half of the adult albino zebrafish retina within 24 hours
of light onset (Vihtelic and Hyde 2000; Vihtelic, Soverly et al. 2006). This LIRD paradigm is
based on the parameters previously shown to damage photoreceptors in the rodent (Noell,
Walker et al. 1966; Wenzel, Grimm et al. 2005). Adolescent albino mice show a peak of
photoreceptor cell death at 36 h after light onset (Wenzel, Grimm et al. 2005), loss of
photoreceptor inner and outer segments at 3 days (Yamashita, Horie et al. 1992), and severe
outer nuclear layer (ONL) damage after 5-7 days of exposure (Yamashita, Horie et al. 1992).
Both zebrafish and rodents exhibit significantly more photoreceptor damage in the superior half
of the retina, which is analogous to the dorsal half of the adult zebrafish retina (Rapp and
Williams 1980). In addition, the constant bright light paradigm reportedly damages rod
photoreceptors and leaves cone photoreceptors largely intact (Cicerone 1976; LaVail 1976;
Thummel, Enright et al. 2010). More recently, a second LIRD paradigm has been used to cause
photoreceptor apoptosis in adult zebrafish (Bernardos, Barthel et al. 2007). This method uses a
short exposure to an ultraviolet (UV) light source, which produces ~100,000 lux of full-spectrum
light. 24 hours after a 30 minute UV exposure, adult zebrafish show extensive damage to both
rod and cone photoreceptors (Bernardos, Barthel et al. 2007). However, this method reportedly
causes the most damage to the central retina, surrounding the optic nerve, and a variable level
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of damage peripherally into the dorsal and ventral halves of the retina, Thus, this LIRD
paradigm can damage both rod and cone photoreceptors, but results in areas with widespread
photoreceptor loss adjacent to areas with minimal damage (Bernardos, Barthel et al. 2007).
Given the complex cellular events observed in regenerating specific retinal neurons,
including proliferation, migration and differentiation, there is a need to establish an LIRD
paradigm that achieves consistent damage to both rod and cone photoreceptors and
widespread photoreceptor damage throughout the retina.
Combining UV exposure with constant bright light results in extensive damage to rod
and cone photoreceptors
To test whether various light treatments resulted in differences in rod photoreceptor
damage, the Tg(nrd:egfp)/alb transgenic line was used to visualize rod photoreceptor cell
somas in the outer nuclear layer (ONL), rod inner segments (RIS), and rod outer segments
(ROS). Untreated (0 h) fish showed EGFP-positive rod photoreceptors throughout the dorsal
and ventral halves of the retina (Fig. 26A and C, respectively). At 48 hours of constant bright
light (48 hLt), rod photoreceptor loss was evident in both the dorsal and ventral halves of the
retina (Fig. 26B and D, respectively). As was previously reported in both rodents and zebrafish,
the dorsal retina appeared to suffer more damage than the ventral retina (Compare Fig. 26B
with Fig. 26D). Compared with 48 hLt retinas, UV exposure resulted in visibly fewer rod
photoreceptors in both the dorsal and ventral halves of the retina 48 hours after light onset
(48 hpUV) (Fig. 26E and G, respectively). EGFP-positive cellular debris was present in the
degenerated ROS and RIS in the dorsal half of 48 hpUV retinas (Fig. 26E), whereas intact ROS
and RIS were visible in the ventral half of 48 hpUV retinas (Fig. 26G). Combining UV exposure
with 48 hours of constant bright light (UV + 48 hLt; Fig. 25) resulted in the greatest amount of
damage to both the dorsal and ventral halves of the retina (Fig. 26F and H, respectively). Very
few rod photoreceptor somas and RIS were observed in the dorsal half of UV + 48 hLt retinas,
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and the ROS was completely absent (Fig. 26F). Notably, extensive damage to the ROS and RIS
was also visualized in the ventral half of UV + 48 hLt retinas, (Fig. 26H).
Quantification of EGFP-positive rod photoreceptor somas in the ONL confirmed the
results obtained by immunohistochemical analysis. Compared with untreated retinas, 48 h of
constant bright light (48 hLt) resulted in a significant reduction (48.5%) of rod photoreceptor
somas in the dorsal half of the retina (Table 1, p < 0.001), but not the ventral half of the retina
(Table 1, p = 0.05). Compared with 48 hLt retinas, 48 hpUV retinas showed significantly fewer
rod photoreceptor somas in the dorsal half of the retina (Table 1, p < 0.001), but not the ventral
half of the retina (Table 1, p = 0.085). Finally, compared with 48 hpUV retinas, UV + 48 hLt
retinas showed a similar amount of rod photoreceptor loss in the dorsal half of the retina
(Table 1,p = 0.14),

but

significantly

more

loss

in

the

ventral

half

of

the

retina

(Table 1, p < 0.001).
Previous reports indicated that constant bright light resulted in more damage to rod
photoreceptors than cone photoreceptors in adult zebrafish (Thummel, Kassen et al. 2008;
Thummel, Enright et al. 2010). To determine whether the various light treatments resulted in
significant differences in the loss of cone photoreceptors, untreated and light-damaged retinas
were immunolabeled with cone-cell specific markers (Vihtelic, Doro et al. 1999). UV opsin was
used to label short single cones (uv cones), Zpr-1 was used to label red/green double cones,
and blue opsin was used to label long single cones (blue cones). The dorsal half of untreated
retinas contained an average of 45.6 ± 2.3 uv cones, 94.2 ± 8.0 double cones, and 48.4 ± 0.9
blue cones per 300 μm linear length, whereas the ventral half of untreated retinas contained an
average of 56.4 ± 5.6 uv cones, 104.6 ± 4.3 double cones, and 60.4 ± 3.4 blue cones per 300
μm linear length (Table 1). Following 48 hours of constant bright light (48 hLt), all the cone types
were reduced in number and appeared shortened and hypertrophied (Fig. 27B, F, J, N, R, V, Y,
Z) relative to the undamaged controls. However, a significant loss was only observed in double
cones and blue cones in the ventral retina (Table 1, p < 0.001 and p = 0.02, respectively).
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Compared with untreated retinas, UV exposure resulted in significantly fewer uv cones (21.8 ±
8.1), double cones (21.3 ± 6.1), and blue cones (30.3 ± 3.0) in the dorsal retina (Fig. 27C, K, S
and Y; Table 1, p = 0.02, p < 0.001, p < 0.001, respectively), but not in the ventral retina (Fig.
27G, O, W, Z). In contrast, the UV + 48 hLt retinas showed significant loss of all three cone cell
types in both the dorsal and ventral retinas (Fig. 27D, H, L, P, T, X, Y and Z, Table 1) relative to
untreated control retinas. In addition, compared with 48 hpUV retinas, UV + 48 hLt retinas
showed significantly fewer blue cones in the dorsal and ventral retinas (Fig. 27Y and Z, Table 1,
p < 0.001), and significantly fewer uv cones in the ventral retina (Fig. 27Z, Table 1, p = 0.01).
Finally, in the ventral half of 48 hpUV and UV + 48 hLt retinas, the damage appeared to abruptly
stop near the ventral-most portion of the retina (Fig. 27G, H and P), indicating a strong
protection of this retinal region.
Taken together, these data suggest that combining UV exposure with constant bright
light resulted in significantly more rod and cone photoreceptor loss than any single light
treatment alone. Although significant differences were observed in both dorsal and ventral
halves of the retina, UV + 48 hLt retinas showed the most damage in the ventral half of the
retina relative to the other light treatments.
The regeneration response of the retina correlates with the extent of photoreceptor
damage
Previous reports indicated that Müller glial cells re-entered the cell cycle 31–36 h after
constant bright light onset (Vihtelic and Hyde 2000; Kassen, Ramanan et al. 2007). The
Tg(gfap:egfp)/alb transgenic line was used to visualize EGFP-positive Müller glial (Thummel,
Kassen et al. 2008). To visualize Müller glial proliferation during the various light treatments, the
Tg(gfap:egfp)/alb retinas were co-labeled with Proliferating Cell Nuclear Antigen (PCNA), an
established marker for the G1/S transition (Thummel, Burket et al. 2006; Thummel, Kassen et
al. 2008; Thummel, Enright et al. 2010). In undamaged retinas (0 h), EGFP-positive Müller glial
were observed throughout the dorsal and ventral halves of the retina, with their cell bodies
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located in the inner nuclear layer (INL), and their processes extending from the nerve fiber layer
to the outer limiting membrane (Fig. 28A, C). PCNA-positive rod precursors were commonly
observed in the ONL, contributing to the persistent neurogenesis of rod photoreceptors in adult
zebrafish (Fig. 28A, arrow). However, PCNA-positive Müller glial cells were very rarely observed
(Table 2). Following 36 hours of constant bright light (36 hLt), the percentage of PCNA-positive
Müller glia in the dorsal and ventral halves of the retina was 15.2 ± 6.3% and 3.8 ± 3.4%,
respectively (Fig. 28B, D and I, Table 2). Consistent with a higher level of photoreceptor loss, 36
hpUV retinas exhibited an even higher percentage of PCNA-positive Müller glia, 28.7 ± 3.1% in
the dorsal half of the retina and 25.9 ± 2.8% in the ventral half of the retina (Fig. 28E, G and I,
Table 2). However, compared with the other treatments, UV + 36 hLt retinas contained a
significantly higher percentage of PCNA-positive Müller glia in both the dorsal and ventral
halves of the retinas (56.7 ± 3.5% and 53.4 ± 8.5%, respectively, Fig. 28F, H and I, Table 2).
Thus, the percentage of Müller glia that re-enter the cell cycle 36 h after light onset correlates
with the extent of photoreceptor cell loss.
Müller glial cell division at 36 h after light onset produces clusters of PCNA-positive
progenitors within 12 h (Vihtelic and Hyde 2000; Kassen, Ramanan et al. 2007), at which point
these progenitors begin to migrate to the ONL to replace the lost photoreceptors. Similar to the
findings at 36 h after light onset, we observed the greatest proliferation response in UV + 48 hLt
retinas (Fig. 29D, H). This was especially apparent when comparing the dorsal and ventral
halves of the retina (compare Fig. 29E-H). Compared with the other light treatments,
UV + 48 hLt retinas showed the highest amount of PCNA-positive clusters in the ventral half of
the retina (Fig. 29H).
To quantify the regeneration response at 48 h after light onset, analysis of band intensity
on immunoblots was performed from protein collected from 48 hLt, 48 hpUV, and UV + 48 hLt
retinas. Protein from 48 h post-fertilization (hpf) embryos and untreated retinas (0 h) were used
for controls. Significant reduction in Zpr-1 expression was observed between the 0 h and 48 h
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timepoints under all three light treatments (Fig. 30A-B, Table 3), representing the loss of double
cone photoreceptors. These data are consistent with Zpr-1 immunolocalization on light-treated
retinas, in which UV + 48 hLt retinas exhibited the fewest numbers of double cone
photoreceptors of all three light treatments (Fig. 27Y-Z, Table 2). Immunoblot analysis also
revealed significant differences in cell cycle markers between the various light treatments (Fig.
30A, Table 3). PCNA e pression levels significantly increased from 0 h → 48 hLt → 48 hpUV →
UV + 48 hLt (Fig. 30A-B, Table 3), which is consistent with PCNA immunolocalization in these
retinas (Fig. 29). Expression of Cyclin H and two Cyclin-dependent kinases, Cdk-1 and Cdk-2,
were also analyzed. Cyclin H binds Cdk-7 to form a Cdk-Activating Kinase (CAK) (Fesquet,
Labbe et al. 1993). CAK regulates cell cycle progression by phosphorylating, and thus
activating, certain cyclin-dependent protein kinases, including Cdk-1 and Cdk-2 (Devault,
Fesquet et al. 1992; Gu, Rosenblatt et al. 1992; Fesquet, Labbe et al. 1993). Each light
treatment resulted in increased Cyclin H expression (Fig. 30A, Table 3). Two bands were
observed for Cdk-1 and Cdk-2, representing different states of phosphorylation for each protein
(Watanabe, Watanabe et al. 1999; Jamil, Sobouti et al. 2005). Phosphorylation of Cdk-1 on Thr160 by CAK and is necessary to activate the Cdk-1/Cyclin B complex (Devault, Fesquet et al.
1992; Fesquet, Labbe et al. 1993). Dephosphorylation of Thr-14 and Tyr-15 by Cdc25
completes the activation of the complex and initiates the transition from prophase into
metaphase (Devault, Fesquet et al. 1992). Both the upper and lower Cdk-1 bands increased in
light-treated retinas (Fig. 30A), indicating that both inactive and active forms of the protein
increased during the light treatment. Similar to Cdk-1, full activation of Cdk-2 requires
dephosphorylation of Thr-14 and Tyr-15 by Cdc25 and phosphorylation of Thr-160 by CAK (Gu,
Rosenblatt et al. 1992). Cdk-2 binds with Cyclin E during the G1/S transition and with Cyclin A
during S phase (Morgan 1997). For Cdk-2 expression, light treatment resulted in a decrease of
the upper band and an increase in the lower band (Fig. 30A). Compared with the other light
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treatments, UV + 48 hLt retinas showed the highest amount of PCNA, Cyclin H, Cdk-1, and
Cdk-2 (Fig. 30A, Table 3).
Combining UV exposure with constant bright light causes significant damage and
proliferation in the pigmented fish
Pigmented animals are more resistant to LIRD due to retinal pigmented epithelium,
which absorbs light and protects the photoreceptors from phototoxicity. As expected, darkadapted pigmented animals were nearly completely resistant to the halogen light treatment
alone (Fig. 31B, F, J, and N). We found that 48 hr after light onset, rod photoreceptors were
reduced in the dorsal retina, but not ventral retina (Fig. 31E, F, and Q). Cone photoreceptor
nuclei were present in normal numbers (Fig. 31R). Compared with untreated retinas, halogen
light treatment alone also did not increase Müller glial cell proliferation 48 hr after light onset
(Fig. 32B, F). In albino animals, UV light treatment alone resulted in slightly greater damage to
both rod and cone photoreceptors in the dorsal retina (Figs. 26I and 27Y). However, in
pigmented animals, UV light treatment alone did not significantly reduce rod or cone cell number
(Fig. 31C, G, K, O, Q, and R). In addition, UV treatment alone only elicited a weak regenerative
response in the dorsal half of the retina in pigmented animals (Fig. 32C). In contrast to the
individual LIRD results, combining the UV and halogen light treatments resulted in significantly
greater photoreceptor damage and regenerative response in pigmented animals. Importantly,
significant loss of both rods and cones was observed in both the dorsal and ventral retinas (Fig.
31D, H, L, P, Q, and R).
PCNA immunolocalization and analysis of flatmounted retinas reveal regional differences
in photoreceptor damage following light exposure
Previous data indicate a strong protection of the ventral half of the retina to light damage
(Vihtelic, Soverly et al. 2006). Combining UV exposure and constant bright light resulted in the
most significant damage to the ventral half of the retina, however, differences between the
dorsal and ventral halves of the retina were still observed (Figs. 26 and 27). To determine

83
whether a similar protective mechanism was present in anterior or posterior halves of the retina,
untreated and 48 hour light-damaged eyes were sectioned in an anterior-to-posterior manner
along the dorsal ventral axis and analyzed for PCNA immunolocalization. No differences were
observed in undamaged (0 h) retinas (Fig. 33A, E, I and M). However, in each of the light
treatment paradigms, more PCNA immunolocalization was observed in the anterior retinal
sections than the posterior retinal sections (Fig. 33), indicating a protection of the posterior
retina to light damage. In addition, as was the case with protection of the ventral half of the
retina, combining UV and constant bright light largely eliminated the protection of the posterior
region of the retina (Fig. 33D, H, L, and P).
To better visualize and quantify this protected region, undamaged and light-treated
Tg(nrd:egfp)/alb retinas were flatmounted to clearly visualize the EGFP-positive rod
photoreceptors in the anterior and posterior halves of the retina (Figs. 34 and 35). Confocal
microscopy was used to determine the various layers of the retina, including the INL, RIS, and
ROS (Fig. 34C–E, respectively). Since ROS were largely absent in all light-treated retinas
(Fig. 34H), confocal microscopy of RIS was used to best discriminate the extent of rod
photoreceptor damage in the anterior and posterior halves of the retina following the various
light treatment paradigms. In untreated (0 h) retinas, RIS formed a distinct honeycomb pattern
that surrounded the cone photoreceptor somas (Fig. 35A). In 48 hLt retinas, a significant
reduction in RIS was observed in both the anterior and posterior retinas (Fig. 35B, F and
I, Table 4). However, significantly more damage occurred in the anterior retina when compared
with the posterior (p < 0.001). 48 hpUV retinas also showed significant loss of RIS compared
with untreated retinas (p < 0.001), but exhibited no differences between the anterior and
posterior retinas (Fig. 35C, G, and I, Table 4, p = 0.99). Finally, compared with the other light
treatments, UV + 48 hLt retinas showed the most significant loss of RIS (Fig. 35D, H and
I, Table 4). In addition, similar to 48 hLt retinas, the UV + 48 hLt retinas also exhibited
significantly more damage in the anterior retina (Fig. 35I, Table 4, p = 0.002). Taken together,
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these data indicate that both the posterior and ventral portions of the retina are partially
protected from light damage. In addition, concomitant use of UV exposure and constant bright
light largely eliminates this protection, allowing for widespread damage of both rod and cone
photoreceptors and a robust proliferation response throughout the retina.
Discussion
Here we show that combining a short UV exposure with a continual bright light exposure
results in widespread photoreceptor loss and a robust regeneration response. Compared with
the individual LIRD methods, this combined method is also the most effective protocol to
damage both rods and cones in both halves of the retina. Importantly, this treatment is effective
in albino animals as well as pigmented animals. Here we report a thorough analysis of the
photoreceptor damage and the subsequent proliferation response elicited by each individual
treatment, as well as by the concomitant use of both treatments. We show that constant bright
light primarily damages rod photoreceptors, leaving the cone photoreceptors largely intact
(Figs. 26 and 27, Table 1). In contrast, we show that UV treatment results in significant damage
to both rods and cones (Figs. 26 and 27, Table 1). Each of these treatments results in more
damage to the dorsal retina than to the ventral retina (Figs. 26 and 27, Table 1). Combining the
UV exposure followed by constant bright light results in significantly greater loss of both rods
and cones to the dorsal and ventral retinas, largely eliminating the neuroprotection of the ventral
retina (Figs. 26 and 27, Table 1). The combined protocol also resulted in widespread and
consistent damage in pigmented animals (Figs. 31 and 32). Additionally, we show that the
extent of photoreceptor damage with each treatment directly correlates with the percentage of
Müller glia that re-enter the cell cycle and the subsequent amplification of retinal progenitors
(Figs. 28 and 29, Table 2). Finally, we provide strong evidence for a previously-undiscovered
protection of the posterior retina to light damage and conclude that both the ventral and
posterior portions of the retina are naturally resistant to light lesion (Fig. 33, Fig. 34 and Fig. 35).
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Practical considerations are also warranted when selecting the appropriate LIRD
method. The first concern is the cost of the necessary equipment. The halogen-based LIRD
method is extremely economical and convenient. All items can be purchased for under $100
and set up takes just a few minutes. Although this setup is relatively inexpensive, it takes up
approximately 12 square feet space and only ∼20–24 fish can be treated at a time. In contrast,
the UV treatment setup is relatively expensive. However, due to the short exposure (30 min),
multiple groups can be treated in succession. In addition, great care should be taken to ensure
the safety of the lab members when performing a UV light treatment. Thus, while it is more
convenient to have the halogen light apparatus in an isolated space, the safety concerns of the
UV treatment necessitate such a space. Thus, although the UV treatment is faster and the setup
is smaller, there is a significant cost to consider in purchasing a UV source, which may not be
available to every research laboratory.
Many human retinal degenerative diseases, such as AMD and RP, result in
photoreceptor apoptosis (Portera-Cailliau, Sung et al. 1994; Marc, Jones et al. 2008). As a
result, underlying Müller glial cell hypertrophy and undergo reactive gliosis. In damaged
zebrafish retinas, Müller glial cells also hypertrophy and undergo a gliosis-like response (Fig.
28) (Thummel, Kassen et al. 2008), However, in zebrafish, this leads to Müller glial cell
proliferation and a generation of large numbers of retinal progenitors (Figs. 28 and 29). We
show that Müller glial cells in the zebrafish retina are also sensitive to the level of photoreceptor
damage (Figs. 28 and 29, Table 2). When the photoreceptor damage is relatively minor, such as
with the constant bright light treatment, a small percentage of Müller glial cells re-enter the cell
cycle and produce a modest number of progenitors (Figs. 28 and 29, Table 2). In contrast, when
UV exposure is combined with constant light treatment to damage large numbers of rods and
cones, over half of the resident Müller glial cells re-enter the cell cycle and a large number of
progenitors are produced (Figs. 28 and 29, Table 2). These data imply that in cases of even
greater damage to the retina, such as combining a light-lesion model with a cytotoxin model, an
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even greater number of Müller glial cells may re-enter the cell cycle. Alternatively, it is also
possible that only a subset of Müller glial cells can respond and re-enter the cell cycle
regardless of the extent of retinal damage. Recent evidence suggests that Müller glial cells in
the injured mammalian retina can be induced to re-enter the cell cycle and produce small
numbers of progenitors (Wan, Zheng et al. 2008; Joly, Pernet et al. 2011), and thus, may have
the capacity to participate in a regenerative response. However, it is unclear how Müller glial
cells interpret the extent of photoreceptor damage and how this in turn leads to either a healthy
regeneration response or reactive gliosis. Comparing the underlying genetics of the variable
responses of Müller glial cell proliferation observed in these damage paradigms could provide
insight into the signaling mechanisms that control the extent of Müller glia cell reactivity.
Here we show that both the ventral and posterior regions of the retina are protected from
light

damage. It

was previously reported that the dorsal (or superior) retina in

adult albino zebrafish is more susceptible to light damage than the ventral (inferior) retina
(Vihtelic, Soverly et al. 2006). This is consistent with reports in the rodent, which show more
severe damage to the superior half of the retina (Rapp and Williams 1980). Many possibilities
could account for this finding, with the main hypothesis being that Rhodopsin is the trigger for
photoreceptor cell death (Noell, Walker et al. 1966; Grimm, Wenzel et al. 2000). Thus, reduced
photoreceptor damage in the ventral/inferior retina was attributed to shorter ROS, and thus,
lower levels of Rhodopsin. Similar to the rodent, zebrafish also have shorter ROS in the
inferior/ventral half of the retina (Fig. 26, (Vihtelic, Soverly et al. 2006)), which may also account
for

the

dorsal/ventral

differences

observed

in

light-damaged

zebrafish

retinas

(Figs. 26 and 27, (Vihtelic, Soverly et al. 2006)). However, there are no reports indicating that
the posterior half of the zebrafish retina possesses fewer rod photoreceptors or shorter ROS.
Further, analysis of flatmounted retinas (Fig. 34 and Fig. 35) indicated similar amounts of
EGFP-positive RIS in untreated retinas (Fig. 35), suggesting that differences in Rhodopsin
levels likely does not account for the anterior/posterior differences observed in light-treated
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retinas. Another possibility for the regional differences is differential expression of
neuroprotective factors, such as FGF-2 (Liu, Issad et al. 1998; Stone, Maslim et al. 1999; Li,
Oparil et al. 2003). FGF-2 expression was reportedly higher in the inferior half of the rodent
retina compared with the superior half (Stone, Maslim et al. 1999). Given that FGF-2 protects
photoreceptors from light damage in both rodents (Faktorovich, Steinberg et al. 1990; LaVail,
Faktorovich et al. 1991; Faktorovich, Steinberg et al. 1992) and zebrafish (Qin, Kidd et al. 2011),
this may contribute to the regional differences observed in light-treated retinas. Although it is not
known whether FGF-2 is differentially expressed in the adult zebrafish retina, FGF-2 was
recently reported to regulate rod photoreceptor cell maintenance in adult zebrafish (Qin, Kidd et
al. 2011). A final possibility for the regional differences observed in light susceptibility is that
photoreceptors in the both halves of the retina develop differently due to the animals being
reared in environments with overhead lighting. When rodents are raised in animal facilities with
room lighting at the side of the animals, rather than above the animals, the protection of the
inferior retina was lost (Stone, Maslim et al. 1999). Although it is unclear whether this is also the
case in adult zebrafish, this would not account for the anterior/posterior differences observed in
light-treated zebrafish retinas, since they are at the same level relative to the overhead lights.
Therefore, it is currently unclear what accounts for the heretofore unrecognized protection of the
posterior zebrafish retina.
Perhaps the greatest advantage to using the combined method is the ability to perform
retinal regeneration studies on pigmented animals. We show that neither individual method
results in significant loss of rods and cones in the dorsal and ventral retina (Fig. 31). In contrast,
the combined LIRD paradigm results in similar levels of widespread rod and cone loss in both
pigmented and albino animals (Figs. 26, 27 and 31). The ability to apply this LIRD method to
pigmented animals saves the researcher significant space, time, and per diem animal care
costs (if any), as it eliminates the need to generate and maintain transgenic lines of interest on
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the albino background for retinal regeneration studies. Together, we feel that the scientific and
practical advantages outweigh the potential inconveniences of this improved LIRD method.
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Figure 25: Photograph depicting the halogen and UV light treatment setups. Top panel:
the UV light source from a fluorescent stereomicroscope was securely fixed to a glass Petri dish
~2 cm off the bench top. A 250 ml glass beaker, partially wrapped in foil, was filled will 100 ml of
system water. The fish were placed inside the 250 ml beaker. The 250 ml beaker was centered
inside a 4 L beaker, which was filled with system water to the level of the water in the 250 ml
beaker. The 4 L beaker was placed adjacent to the light filament centered at the 250 ml beaker.
A large opaque shield was placed around the entire setup. Bottom panel: two sets of four 250 W
halogen lamps were spaced 29 cm on either side of two clear 1.8 L acrylic tanks. The aerator
and tubing were placed so as not to obstruct the light. The lids of the tanks were cracked 2 cm
to allow airflow from the fan. A thermometer was placed in one of the tanks for the temperature
to be monitored.
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Figure 26: Rod photoreceptor loss following various light damage paradigms. EGFPpositive rod photoreceptors in the dorsal (A, B, E, F) and ventral (C, D, G, H) halves of the retina
from adult Tg(nrd:egfp)/alb zebrafish. A) Untreated (0 hr) dorsal retina with EGFP-positive
somas in the outer nuclear layer (ONL), rod inner segments (RIS), and rod outer segments
(ROS). B) Dorsal retina following a 48 hour exposure to constant bright light (48 hLt), with fewer
EGFP-positive somas in the ONL, and truncated RIS and ROS. C) 0 hr ventral retina with
undamaged ONL, RIS, and ROS. D) 48 hLt ventral retina, with fewer ONL nuclei, but intact RIS
and ROS. E) Dorsal retina 48 hours after a 30 minute exposure to UV light (48 hpUV), with
degenerated ROS, RIS, and ONL. F) Dorsal retina after a 30 minute exposure to UV light
followed by 48 hours of constant bright light (UV+48 hLt), with degenerated ROS, RIS, and
ONL. G) 48 hpUV ventral retina with fewer ONL and truncated RIS and ROS. H) UV+48 hLt
ventral retina with degenerating ROS, RIS, and ONL. I) Quantification of the average number of
rod photoreceptors per 300 microns in the dorsal and ventral halves of the retina following
various light treatments. Significant differences between groups (p < 0.05) is indicated as: “a” for
compared with Untreated (0 hr); “b” for compared with 48 hLt; and “c” for compared with 48
hpUV. Scale bar in panel A represents 75 microns.
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Figure 27: Cone photoreceptor loss following various light damage paradigms. A – H)
Short single cones (uv cones) are immunolabeled with UV opsin. I – P) Red/Green double
cones are immunolabeled with Zpr-1. Q – X) Long single cones (blue cones) are immunolabeled
with blue opsin. Untreated (0 hr) retinas show undamaged cones in both the dorsal and ventral
halves of the retina (A, B, E, F, I, J, M, N, Q, R, U, V). Following 48 hours of constant bright light
(48 hLt), uv and double cones appear short and hypertrophied (B, F, J, N), but are still visible in
both the dorsal and ventral halves of the retina. 48 hours after a 30 minute UV exposure (48
hpUV), degeneration of all three cone types is evident in throughout the dorsal half of the retina
(C, K, S), but not throughout the ventral half of the retina (G, O, W). After a 30 minute exposure
to UV light followed by 48 hours of constant bright light (UV+48 hLt), only cone cell debris is
evident in the dorsal half of the retina (D, L, T), and degeneration of all cone cell types is evident
in the ventral half of the retina (H, P, X). Y–Z) Quantification of the average number of each
cone type per 300 microns in the dorsal and ventral halves of the retina following various light
treatments. Significant differences between groups (p < 0.05) is indicated as: “a” for compared
with Untreated (0 hr); “b” for compared with 48 hLt; and “c” for compared with 48 hpUV. Scale
bar in panel A represents 50 microns.
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Figure 28: Müller glial cell proliferation in various light treatments. EGFP-positive Müller
glial cells in the dorsal (A, B, E, F) and ventral (C, D, G, H) halves of the retina from adult
Tg(gfap:egfp)/alb zebrafish (Green) co-labeled with PCNA (Red). A) Untreated (0 hr) dorsal
retina, showing EGFP-positive Müller glial cells with somas located in the INL and a processes
extending to beyond the ONL and GCL. Müller glial cells in 0 hr retinas are not PCNA-positive.
B) A subset of Müller glial cells are PCNA-positive in the dorsal retina following 36 hours of
constant bright light treatment (36 hLt). C) 0 hr ventral retina, showing PCNA-negative Müller
glial cells. D) 36 hLt dorsal retina, showing PCNA-negative Müller glial cells. E) 48 hours after a
30 minute UV exposure (36 hpUV), a subset of Müller glial cells are PCNA-positive in the dorsal
retina. F) After a 30 minute exposure to UV light followed by 48 hours of constant bright light
(UV+48 hLt), the majority of Müller glial cells are PCNA-positive in the dorsal retina. G) 36 hpUV
retina, showing PCNA-positive Müller glial cells in the dorsal half of the ventral retina. H) UV+48
hLt retina, showing the majority of Müller glial cells are PCNA-positive in the ventral retina. I)
Quantification of the percentage of PCNA-positive Müller glial cells in the entire dorsal and
ventral halves of the retina in untreated and light-treated retinas. Significant differences between
groups (p < 0.05) is indicated as: “a” for compared with Untreated (0 hr); “b” for compared with
36 hLt; and “c” for compared with 36 hpUV. Scale bar in panel A represents 50 microns.
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Figure 29: PCNA immunolocalization following various light damage paradigms. A)
Untreated (0 hr) dorsal retina, showing the absence of PCNA immunolocalization in the inner
nuclear layer (INL). B – D) PCNA immunolocalization in the INL and ONL of the dorsal retina,
following each of the light damage paradigms (48 hLt, 48 hpUV, and UV+48 hLt). E) 0 hr ventral
retina, showing PCNA immunolocalization in the ONL, but not in the INL. F – G) Following 48
hLt (F) and 48 hpUV (G), isolated PCNA-positive cells are observed in the ONL and INL of the
ventral half of the retina, however, the proliferation response if markedly less than that observed
in the corresponding dorsal half of the retina. H) Ventral retinas from UV+48 hLt possess large
numbers of PCNA-positive cells in the INL and ONL. Scale bar in panel A represents 50
microns.
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Figure 30: Western blot analysis following various light damage paradigms. A) Expression
levels of Zpr-1, PCNA, Cyclin H, Cdk-1, Cdk-2, and β-actin were determined in 48 hour postfertilization embryos (48 hpf), untreated adult retinas (0 hr), and following the various light
damage paradigms (48 hLt, 48 hpUV, and UV+48 hLt). Zpr-1 was not detected at 48 hpf since
double cones are not present at this early stage in development. Zpr-1 expression decreased
from 0 hr→48 hLt→48 hpUV→UV+48 hLt, representing a progressive loss of double cones.
Conversely, PCNA and Cyclin H levels increased from 0 hr→48 hLt→48 hpUV→UV+48 hLt.
Two bands were observed for Cdk-1 and Cdk-2, most likely representing phosphorylated and
unphosphorylated forms of each protein. For Cdk-1, the upper band was not detected at 0 hr,
and both the upper and lower bands increased from 0 hr→48 hLt→48 hpUV→UV+48 hLt. For
Cdk-2, only the upper band was detected at 0 hr (and slightly at 48 hLt), and the lower band
increased from 0 hr→48 hLt→48 hpUV→UV+48 hLt. B) Graphic representation of the average
log10 band density of Zpr-1 and PCNA expression. Significant differences between groups (p <
0.05) is indicated as: “a” for compared with 48 hpf; “b” for compared with untreated (0 hr); “c” for
compared with 48 hLt’ and “d” for compared with 48 hpUV.
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Figure 31: Rod and cone photoreceptor loss in pigmented zebrafish following various
light damage paradigms. Retinal sections from adult wild-type (AB) zebrafish stained with TOPRO-3 to show all nuclei (A-P; blue) and immunolabeled with Zpr-3 to show rod outer segments
(A-H; magenta) or Zpr-1 to double cones (I-P; gold) in the dorsal (A-D, I-J) and ventral (E-H, MP) halves of the retina following each of the light damage paradigms (48 hLt, 48 hpUV, and
UV+48 hLt). A-H) Significant decreases in rod photoreceptor nuclei were present in the dorsal
retina at 48 hLt (B, Q) and in the dorsal and ventral retina at UV+48 hLt (D, H, Q). I-P) Although
cone nuclei were hypertrophied in the dorsal retina at 48 hpUV (K), no significant decreases in
double cone nuclei were present at 48 hLt or 48 hpUV (J-K, N-O, R). Significant decreases in
cone nuclei were present in the dorsal and ventral retina at UV+48 hLt (L, P, R). Q-R)
Quantification of rod photoreceptor and double cone nuclei across 300 µm of the central dorsal
or ventral retina. Significant differences (p ≤ 0.05) between groups are depicted as, "a" for
different from 0 hr, "b" for different from 48 hLt and "c" for different from 48 hpUV. Scale bar in
panel A represents 200 µm and applies to panels A-H.
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Figure 32: Proliferation response in pigmented zebrafish following various light damage
paradigms. Retinal sections from adult wild-type (AB) zebrafish immunolabeled with PCNA to
show cell proliferation (red) in the dorsal (A-D) and ventral (E-H) halves of the retina following
each of the light damage paradigms (48 hLt, 48 hpUV, and UV+48 hLt). A-D) In the dorsal
retina, only a few single progenitor cells were present in the INL at 48 hLt and 48 hpUV (B, C),
while columns of progenitor cells were present at UV+48 hLt (D). E-H) In the ventral retina, no
changes in proliferation were observed except at UV+48 hLt (H), at which time columns of
progenitor cells were present. Scale bar in panel A represents 100 µm and applies to panels AH.
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Figure 33: Anterior/Posterior differences in light-induced proliferation. Cryosections of the
dorsal half of the retina, taken from the anterior (A–D), central (E–L), or posterior regions (M–P)
of the retina were immunolabeld with PCNA (red). In untreated (0 hr) retinas (A, E, I, M), PCNApositive cells were occasionally observed as rod precursors in the outer nuclear layer (ONL).
Following 48 hours of constant bright light (48 hLt; panels B, F, J, and N), PCNA-positive cells
were observed in the inner nuclear layer (INL) and ONL in sections from the anterior and central
retina, but not the posterior retina. In addition, the proliferation response was much more robust
in the anterior-most section (B). 48 hours after a 30 minute UV exposure (48 hpUV; panels C,
G, K, and O), clusters of PCNA-positive cells were observed in the INL and ONL in sections
from the anterior and central retina. The posterior retina (O), in contrast, possessed isolated
PCNA-positive cells in both the INL and ONL, indicative of a more subdued proliferative
response. After a 30 minute exposure to UV light followed by 48 hours of constant bright light
(UV+48 hLt; panels D, H, L, and P), large clusters of PCNA-positive nuclei were present
throughout the anterior, central, and posterior retina. Scale bar in panel A is 50 microns.
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Figure 34: Orientation and imaging of flatmounted retinas. A) Schematic representation of
the orientation used for these studies on flatmounted retinas. Anterior is to the left and posterior
is to the right. B. Stereofluorescent image of an untreated, flatmounted Tg(nrd:egfp)/alb retina,
oriented as shown in panel (A). C – H) Confocal images taken at various focal planes in the
anterior retina (equidistant between the dorsal and ventral halves) revealed the inner retina
(INL), rod inner segments (RIS), and rod outer segments (ROS). C) EGFP-positive bipolar cells
were detected in the INL of untreated retinas. D) EGFP-positive RIS exhibited the characteristic
honeycomb pattern in untreated retinas. E. EGFP-positive ROS were undamaged in untreated
retinas. F) Following 48 hours of constant bright light (48 hLt), EGFP-positive bipolar cells were
present in the INL and appeared hypertrophied. G) EGFP-positive RIS in 48 hLt retinas were
damaged (note large EGFP-negative areas) and disorganized. H) ROS were not detected in 48
hLt retinas. Scale bar in panel B represents 450 microns. The scale bar in panel C (C–H)
represents 100 microns.
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Figure 35: Confocal microscopy of rod inner segments in flatmounted retinas reveal
anterior/posterior differences in response to various light-damage paradigms. Confocal
images of EGFP-positive rod inner segments (RIS) were obtained from the central anterior (A–
D) and central posterior (E–H) portion of flatmounted Tg(nrd:egfp)/alb retinas. Untreated (0 hr)
retinas (A, E) showed the characteristic honeycomb pattern of RIS (note the inset in panel A) in
both the anterior and posterior halves of the retina. Following 48 hours of constant bright light
(48 hLt; panels B and F), the RIS in the anterior half of the retina were severely disrupted (B),
but remained largely intact in the posterior half of the retina (F). 48 hours after a 30 minute UV
exposure (48 hpUV; panels C and G), RIS in both the anterior and posterior halves of the retina
were severely damaged. After a 30 minute exposure to UV light followed by 48 hours of
constant bright light (UV+48 hLt; panels D and H), RIS in both the anterior and posterior halves
of the retina were severely damaged. Compared with the other treatments, the anterior half of
the UV+48 hLt retinas appeared to sustain the greatest damage to RIS (compare panel D with
all other panels). I) Quantification of the fluorescent intensity of EGFP-positive RIS relative to
RIS in the posterior portion of the retina. Significant differences between groups (p < 0.05) is
indicated as: “a” for significantly less than the untreated retina; “b” for significantly less than the
posterior half of the corresponding treatment group; and “c” for significantly less than all other
points. Scale bar in panel A represents 100 microns.
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CHAPTER 3: REACTIVE GLIOSIS IN THE ADULT ZEBRAFISH RETINA
Summary
In contrast to mammals, zebrafish posses the remarkable ability to regenerate retinal
neurons. Damage to the zebrafish retina induces Müller glia into a stem cell fate, generating
retinal progenitors for regeneration. In contrast, injury in the mammal retina results in Müller glia
reactive gliosis, a characteristic gliotic response that is detrimental to vision. Understanding the
signaling pathways that determine how Müller glia respond to injury is a critical step toward
promoting regeneration in the mammalian retina. Here we report that cell cycle inhibition forced
zebrafish Müller glia to become persistently reactive, which resulted in a complete absence of
regeneration. These data demonstrate that zebrafish Müller glia possess both gliotic and
regenerative potential.
Introduction
Müller glial cells are the principal glial cell of the retina and under normal conditions
provide a variety of homeostatic roles in retinal neuron support and maintenance. In addition to
providing structural support (Hollander, Makarov et al. 1991), Müller glia maintain retinal
neurons by regulating retinal glucose metabolism (Tsacopoulos and Magistretti 1996), recycling
the neurotransmitter glutamate

(Matsui, Hosoi et al. 1999), and

phagocytosing debris

(Francke, Faude et al. 2001). In addition, Müller glia regulate retinal blood flow and maintain
water and ion homeostasis (Bringmann, Reichenbach et al. 2004). Damage to the mammalian
retina results in Müller glial cell reactive gliosis, which is characterized by cell hypertrophy
(cellular enlargement), upregulation of the filamentous protein GFAP (Glial Fibrillary Acidic
Protein), the release of neurotrophic factors, and phagocytosis of dying cells (Bringmann and
Wiedemann 2012).

While reactive gliosis is initially neuroprotective, slowing neuronal cell

death, persistent gliosis results in loss of normal Müller glial cell function and subsequent loss of
retinal neurons (Bringmann, Pannicke et al. 2006). Together, these effects lead to the loss of
critical glial-neuronal interactions and create a toxic environment for retinal neurons, which
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ultimately results in neuronal degeneration in diseases such as glaucoma or following a minor
retinal detachment (Lewis, Erickson et al. 1989; Inman and Horner 2007; Bringmann and
Wiedemann 2012). In addition to losing normal homeostatic function, proliferative reactive
gliosis is characterized by unregulated Müller glial cell proliferation (Wan, Zheng et al. 2007;
Ulbricht, Pannicke et al. 2008; Lewis, Chapin et al. 2010; Karl and Reh 2012). This proliferative
response can lead to mislocalized retinal neurons or progenitor cells that contribute to the
formation of a glial scar, which severely compromises normal vision (Bringmann, Iandiev et al.
2009; Lewis, Chapin et al. 2010)
We hypothesized that factors that regulate Müller glial cell proliferation may determine
whether Müller glial cells remain persistently reactive. We tested this hypothesis using 5Fluorouracil (5-FU), a compound previously shown to inhibit Müller glial cell proliferation in vivo
(Negishi 1994). Using photolesioned or Ouabain injected zebrafish retinas, we first show that
Müller glial cells undergo a localized reactive gliosis response specific to the damage mode.
Further, we show that inhibition of proliferation using 5-FU results in a persistent reactive gliosis
response similar to mammalian non-proliferative reactive gliosis. These data characterize
reactive gliosis in adult zebrafish and provide further evidence that vertebrate Müller glia have
the capacity to be both persistently reactive and a source of retinal progenitors.
Reactive gliosis in the adult zebrafish retina
Using a photolesion protocol to selectively destroy rod and cone photoreceptors, adult
albino (alb) zebrafish were exposed to constant intense light for 18 or 36 hours and analyzed at
various times after light onset (hours or days pL). Previous reports using this damage paradigm
demonstrated that Müller glia downregulate GFAP from 51-96 hpL (Thummel, Kassen et al.
2008), which is consistent with Müller glia inhibiting a reactive gliosis response as they take on
the characteristics of a stem cell. While this may suggest that zebrafish Müller glia do not exhibit
reactive gliosis following retinal injury, earlier timepoints immediately following light onset were
not careful analyzed.
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A previous report showed that following photolytic lesion of the photoreceptors, Müller
glia that re-entered the cell cycle down-regulated gfap (Thummel, Kassen et al. 2008). To
characterize the early response to photolytic damage in the adult zebrafish retina, Müller glial
cells were analyzed at 18 and 36 hpL using the Tg(gfap:egfp)/alb transgenic line (Fimbel,
Montgomery et al. 2007). Compared with untreated (0 hr) retinas, quantification of the
fluorescent intensity of GFP-positive Müller glia showed no significant changes at 18 hpL (Fig.
36A-B). However, gfap expression significantly increased at 18 hpL (Fig. 36A, C) and Müller
glial cell processes of the outer retina hypertrophied and wrapped around the photoreceptor
nuclei in the outer nuclear layer (ONL; Fig. A). At 36 hpL, gfap expression and GFP intensity
was significantly higher (Fig. 36A-C), as thick Müller glial cell processes wrapped the few
remaining photoreceptor nuclei in the ONL (Fig. 36A). These morphological changes in the ONL
corresponded to a significant increase in pcna expression (Fig. 36C) as approximately half of
the Müller glial cell population re-entered the cell cycle. Therefore, reactive gliosis of lightlesioned zebrafish Müller glial cells was restricted to the area of retinal damage and persisted as
Müller glial cells re-entered the cell cycle.
In order to determine whether damage to other retinal neurons resulted in a similar
localized gliotic response, zebrafish retinas were damaged using Ouabain, a Na-ATPase
inhibitor that destroys inner retinal neurons prior to damaging outer retinal neurons (Fimbel,
Montgomery et al. 2007). Compared to untreated (0 dpi) retinas, at 1 day post injection (dpi), a
massive hypertrophy response was observed along with significant increases in GFP intensity
and gfap expression (Fig. 37A). Notably, this response was primarily restricted to the inner
retina (Fig. 37A), again indicating that Müller glia reactive gliosis was restricted to the area of
greatest damage. Similar to our findings with the photolesion model, a continued increase of
gfap and pcna expression was observed at 3, 5 and 7 dpi, as Müller glia re-entered the cell
cycle to produce retinal progenitors (Fig. 37A, C). Thus, these data suggest that zebrafish
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Müller glia can respond to retinal damage with localized reactive gliosis as they reenter the cell
cycle, but then down regulate this response as large numbers of progenitors have formed.
5-Fluorouracil inhibits Müller glial cell proliferation and induces a gliotic response
We hypothesized that if Müller glia proliferation was inhibited, persistent reactive gliosis
may occur. We therefore used 5-Fluorouracil, which was previously shown to inhibit proliferation
in the goldfish retina (Negishi 1994). 5-Fluorouracil (5-FU) is an anti-tumor agent that inhibits
cell proliferation at the S-phase of the cell cycle (Olson and Greene 1960; Longley, Harkin et al.
2003; Lu, Deng et al. 2011; Berindan-Neagoe, Braicu et al. 2013; Failli, Legitimo et al. 2013).
No significant changes to Müller glial cells were observed following intravitreal injection of 5-FU
in the absence of light damage (Fig. 38C-D). At 18 hpL, compared with saline-injected control
retinas (Fig. 39A), Müller glial cells of 5-FU treated retinas appeared hypertrophic and exhibited
a significant increase in GFP intensity and gfap expression (Fig. 39B, E). At 36 hpL, a persistent
upregulation of GFP and gfap expression was observed in 5-FU treated eyes compared with
control eyes (Fig. 39C-E). In addition, a significant decrease in pcna expression (Fig. 39E) and
the percentage of PCNA-positive Müller glial cells (Saline: 55.81% ± 7.58%; 5-FU: 12.87% ±
3.04%; n=5; p=0.0012) was observed in 5-FU treated eyes. Finally, At 72 hpL, saline-injected
control retinas contained large columns of PCNA-positive progenitors that extended from their
source in the INL to the ONL (Fig. 40A; (Vihtelic and Hyde 2000; Thummel, Kassen et al.
2008)). Conversely, 5-FU treated retinas contained significantly fewer proliferating cells in the
INL and ONL. In saline-injected control eyes at 7 and 11 dpL, the number of proliferating cells in
the INL and ONL steadily decreased, as new rod and cone photoreceptors differentiated. In
contrast, the number of proliferating cells in the INL and ONL remained consistently low in 5-FU
treated retinas (Fig. 40A-B). Taken together, these data showed that 5-FU was effective at
inhibiting Müller glial cell proliferation and induced a gliotic response from Müller glial cells.
Inhibition of proliferation by 5-FU increases the neuroprotective functions of Müller glia
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Upon damage to the mammalian retina, Müller glial cells initially respond with the
release of neurotrophic factors and the phagocytosis of dying cellular debris, both of which slow
neuronal loss (Garcia and Vecino 2003; Bringmann and Wiedemann 2009; Bringmann and
Wiedemann 2012). To determine if Müller glial cells in the zebrafish retina can compensate for
their inability to proliferate by increasing their neuroprotective functions, zebrafish were
intravitreally injected with either saline or 5-FU and harvested at 24 and 72 hpL. Large numbers
of TUNEL-positive nuclei were observed the ONL of control retinas, with minimal Müller glial cell
phagocytosis of TUNEL-positive debris (Fig. 41A). In contrast, 5-FU treated retinas possessed
significantly fewer TUNEL-positive cells in the ONL and a dramatic increase in TUNEL-labeled
Müller glial cell processes (Fig. 41B, G). Co-localization of TUNEL and GFP in the
Tg(gfap:egfp)/alb line confirmed that the TUNEL-positive debris in the Müller glia was not
nuclear and was restricted to the cytoplasm of the cell processes (Fig. 41D-D’), which is
consistent with two previous reports demonstrating phagocytosis of dying photoreceptor debris
by zebrafish Müller glia. 5-FU treated retinas also showed a significant increase in fgf2
expression at 24 and 36 hpL (Fig. 41G), which is an established neuroprotective growth factor
for dying photoreceptors (Faktorovich, Steinberg et al. 1992; Qin, Kidd et al. 2011). Together,
these data showed that inhibition of Müller glial cell proliferation resulted in reduced
photoreceptor apoptosis, increased phagocytosis of cellular debris, and upregulation of Fgf2.
Persistent reactive gliosis induced by 5-FU results in delayed cell death and inhibits
regeneration
The long term outcome of a photolytic lesion in the mammalian retina is an eventual loss
of normal Müller glial cell support functions, slow but persistent apoptosis and a failure to
regenerate the lost photoreceptors (Bringmann, Pannicke et al. 2006). To determine if inhibition
of Müller glial cell proliferation in the zebrafish results in a similar long-term outcome,
photolesioned zebrafish were injected with either saline or 5-FU and analyzed for cell death at
72 hpL and photoreceptor regeneration at 72 hpL, and 7 and 11 dpL. Compared with control
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retinas, 5-FU treated retinas possessed significantly more TUNEL-positive ONL cells at 72 hpL
(Fig. 42B, D-E). At this timepoint, TUNEL staining was no longer visualized in the INL of 5-FU
treated retinas (Fig. 42B). Futher, Müller glia of 5-FU treated retinas appeared to be persistently
reactive (hypertrophied, wrapping of ONL nuclei) compared to control retinas (Fig. 42C-D).
Nearly all rod photoreceptors were destroyed by the photolytic lesion in control retinas at 72 hpL
(Fig. 43A), which was followed by an increased number of newly regenerated rods at 7 and 11
dpL (Fig. 43B-C, G). Conversely, significantly more rod photoreceptors (including intact outer
segments) were observed in 5-FU treated retinas at 72 hpL (Fig. 43D). However, compared with
control retinas, the number of remaining rods significantly decreased at 7 and 11 dpL in 5-FU
treated retinas (Fig. 43E-G). Similar results were observed for cone photoreceptors (Fig. 43HN). Interestingly, when 5-FU injections were continued through 10 dpL, 11 dpL retinas showed
distinct thickening of Müller glial cell processes at the inner and outer limiting membranes (Fig.
44). These data showed that inhibiting Müller glial cell proliferation delayed neuronal cell death
and resulted in an absence of photoreceptor regeneration.
Discussion
This study characterizes reactive gliosis in zebrafish Müller glia. We showed that
inhibition of proliferation using 5-Flurouracil (5-FU) induced non-proliferative reactive gliosis,
which resulted in early protection of photoreceptors, but gradual photoreceptor cell death and an
absence of regeneration. While mammalian and zebrafish Müller glial cells were conventionally
thought to possess inherently different characteristics in response to damage, growing evidence
suggests that both mammalian and zebrafish Müller glial cells have the ability to become
reactive and to act as source for retinal progenitors in a regenerative context. Some features of
reactive gliosis, such as upregulation of GFAP and cellular hypertrophy, were reported in
zebrafish models of persistent cone degeneration and localized heat lesion (Raymond, Barthel
et al. 2006; Morris, Scholz et al. 2008). However, following other damage paradigms, such as
and light-induced photoreceptor degeneration and intravitreal injections of Ouabain, proliferating
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Müller glial cells were reported to downregulate GFAP (Fimbel, Montgomery et al. 2007;
Thummel, Kassen et al. 2008). For example, recent studies show that rodent Müller glia express
low levels of progenitor cell markers and can be induced to generate small numbers of new
retinal neurons in vivo (Das, Mallya et al. 2006; Wan, Zheng et al. 2007; Nickerson, McLeod et
al. 2011; Karl and Reh 2012; Liu, Hunter et al. 2013). In addition, human Müller glia can be
induced to proliferate and differentiate into retinal neurons in vitro (Giannelli, Demontis et al.
2011; McUsic, Lamba et al. 2012). Here we showed that following light-induced photoreceptor
degeneration or intravitreal injection of Ouabian, zebrafish Müller glia initially exhibit a robust
reactive gliosis response, including hypertrophy and an upregulation of GFAP. Notably, this
response is restricted to the area of greatest damage and persists as Müller glia re-enter the cell
cycle. These data confirm that zebrafish Müller glia possess gliotic potential. Further, we
showed that contrary to previous reports, following Ouabain-induced degeneration of all retinal
neurons Müller glial cells concurrently upregulate GFAP and re-enter the cell cycle.
In cases of mild retinal damage, persistent reactive gliosis is typically non-proliferative
and is associated with gradual loss of Müller glial cell function and increased neuronal death
(Okada, Matsumura et al. 1990; Bringmann, Pannicke et al. 2006; Nakazawa, Takeda et al.
2007; Lewis, Chapin et al. 2010; Lu, Iandiev et al. 2011; Bringmann and Wiedemann 2012).
Similarly, here we showed that zebrafish Müller glial cells that were unable to re-enter the cell
cycle following treatment with 5-FU displayed hallmarks of persistent reactive gliosis, including
upregulation of GFAP (Fig. 39) and increased early neuroprotection (Fig. 41).

Ultimately,

inhibition of Müller glial cell proliferation resulted in complete loss of rod and cone
photoreceptors (Figs. 42 and 43). Further, persistent inhibition of Müller glial cell proliferation
resulted in the hypertrophied Müller glial cell processes at the inner and outer limiting
membranes (Fig. 44), similar to the morphology of a glial scar in the damaged mammalian
retina. These data indicate that zebrafish Müller glial cells are capable of undergoing a gliotic
response that mimics the non-proliferative stage of mammalian reactive gliosis.
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5-FU is commonly used in cancer treatment to block the synthesis of thymidine during
DNA replication, which can result in DNA damage and cell cycle arrest in the S phase (Van
Triest, Pinedo et al. 2000). Consistent with these reports, we observed weak expression of
PCNA in Müller glia from 5-FU treated retinas, but a near absence of Müller glia-derived
progenitors. Interestingly, Müller glia apoptosis was not observed at any time point. However, 5FU does not always lead to apoptosis within the tumor (Tiwari 2012), and several possible
factors may contribute to Müller glia survival. First, zebrafish Müller glia undergo asymmetric cell
division during retinal regeneration, whereas malignant tumors largely expand by symmetric cell
divisions. In addition, the exact stage of cell cycle arrest may determine Müller glia fate. In
addition, the exact stage of cell cycle arrest may determine Müller glial cell survival or death. For
example, a previous report showed that knockdown of PCNA during retinal regeneration
resulted in Müller glial cell G1 arrest and subsequent apoptosis (Thummel, Kassen et al. 2008).
PCNA is a DNA clamp that initiates DNA replication and is required for cells to transistion from
G1 to S-phase (Strzalka and Ziemienowicz 2011). Therefore, while inhibition of Müller glial cell
proliferation during S phase by 5-FU did not cause Müller glia cell death, inhibition of Müller glial
cell proliferation during late G1 phase resulted in cell death.
In conclusion, this study is the first to characterize the gliotic potential of zebrafish Müller
glia. While it is well established that mammalian Müller glia respond to injury with reactive
gliosis, multiple recent studies suggest that mammalian Müller glia also maintain a latent ability
to produce retinal progenitors (Lewis, Chapin et al. 2010; Karl and Reh 2012; Pollak, Wilken et
al. 2013). Here, we provide evidence that zebrafish Müller glia also possess both gliotic and
proliferative potential and argue that they are intrinsically the same as mammalian Müller glia in
this regard. These data provide a useful platform to screen the adult zebrafish retina for
signaling pathways that push Müller glia towards gliotic or regenerative cell fates.
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Figure 36: Reactive gliosis in adult zebrafish Müller glial cells following light damage. A)
GFP expression in Müller glial cells (green) in the Tg(gfap:egfp)/alb line co-localized with PCNA
to show cell proliferation (red) at 0, 18 and 36 hpL. Boxes in top panel represent magnified
images of ONL in the bottom panel. B) Graphic representation of GFP intensity over time. C)
Graph depicting changes in gfap and pcna expression by quantitative real-time PCR (qPCR).
Significantly different from 0 hr (*). Scale bar represents 100 microns (µm). ONL: outer nuclear
layer. INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 37: Reactive gliosis in adult zebrafish Müller glial cells following Ouabain damage.
A) Retinal sections showing GFP expression in Müller glial cells (green) in the Tg(gfap:egfp)/alb
line at 0, 1, 3,5 ,7 and 14 days post Ouabain injection (dpi). Images depict changes in GFP
intensity and changes in Müller glial cell morphology. B) Graphic representation of GFP
intensity over time and graph depicting changes in gfap and pcna expression by quantitative
real-time PCR (qPCR). Significantly different from 0 hr (*).
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Figure 38: Effects of 5-Fluorouracil on Müller glial cells in the undamaged retina. A-C)
GFP expression in Müller glial cells (green) in the Tg(gfap:egfp)/alb line in the uninjected retina
(A) or following 3 consecutive daily injections of saline (B) or 5-FU (C). D) Graph depicting
changes in GFP intensity.
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Figure 39: Müller glial cell reactivity following injections of 5-Fluorouracil in the light
damaged retina. GFP expression in Müller glial cells (green) in the Tg(gfap:egfp)/alb line colocalized with PCNA to show cell proliferation (red) at 18 or 36 hpL. A) Saline-injected eyes
weakly express GFP at 18 hpL. B) 5-FU significantly increases GFP intensity in all retinal layers
at 18 hpL. C) Müller glial cell proliferation is significantly increased at 36 hpL in saline-injected
eyes. D) 5-FU significantly increases GFP intensity and significantly decreases Müller glial cell
proliferation at 36 hpL. E) Graphic representation of GFP intensity over time and graph depicting
changes in gfap and pcna expression by qPCR. Significantly different from 0 hr (#) and
significantly different from saline-injected control (*). Scale bar represents 100 microns (µm).
ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 40: 5-Fluorouracil inhibits Müller glial cell proliferation in the light damaged retina.
A) Immunolocalization of PCNA to show cell proliferation (green) at 72 hpL, 7 dpL, and 11 dpL.
Nuclei are stained with TO-PRO-3 (blue). At 72 hpL, clusters of PCNA positive cells can be
visualized in the INL and ONL. At 7 and 11 dpL, fewer PCNA-positive cells are present in the
INL and ONL. 5-FU treated retinas possessed very few PCNA-positive cells in the INL or ONL
at all timepoints. B) Graphic representation of the average number of PCNA-positive columns in
the INL and in the ONL across 300 µm. Significantly different from control (*). Scale bar
represents 100 microns (µm). ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion
cell layer.
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Figure 41: 5-Fluorouracil treatment decreases cell death and increases neuroprotection
in the light damaged retina. A-B) TUNEL immunolocalization labels apoptotic cells (green).
Nuclei are stained with TO-PRO-3 (blue). A) TUNEL-positive nuclei are localized to the ONL in
saline-injected eyes. Very weak TUNEL staining in the INL (arrows). B) 5-FU treated retinas
possess significantly fewer TUNEL-positive nuclei in the ONL and a greater degree of Müller
glial cell TUNEL staining in the INL. C-D’) GFP e pression in Müller glial cells (green) in the
Tg(gfap:egfp)/alb line co-localized with TUNEL (red) to show apoptotic nuclei and PCNA to
show cell proliferation (blue). C) In saline-injected eyes, TUNEL-positive nuclei do not colocalize with Müller glial cell processes. D) In FU-treated retinas, TUNEL-positive debris colocalizes with Müller glial cell processes. D’) Inset from panel (D). E) Graph depicting changes in
fgf2 expression over time and graphic representation of the average number of TUNEL-positive
cells in the ONL (across 300 µm). Significantly different from control (*). Scale bar represents
100 microns (µm). ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 42: Persistent reactive gliosis by 5-Fluorouracil results dealyed cell death in the
light damaged retina. A-B) TUNEL immunolocalization labels apoptotic cells (green). Nuclei
are stained with TO-PRO-3 (blue). Very few TUNEL-positive nuclei remain in saline-injected
eyes whereas TUNEL-positive nuclei are now persent in the ONL of 5-FU treated eyes. C-D)
GFP expression in Müller glial cells (green) in the Tg(gfap:egfp)/alb line co-localized with
TUNEL (red) to show apoptotic nuclei and PCNA to show cell proliferation (blue). C) Large
columns of proliferating cells are present in the INL and lining the ONL. D) In FU-treated retinas,
TUNEL-positive nuclei are persent in the ONL and Müller glial cell procceses appear gliotic. E)
Graphic representation of the average number of TUNEL-positive cells in the ONL (across 300
µm). Significantly different from control (*). ONL: outer nuclear layer. INL: inner nuclear layer.
GCL: ganglion cell layer.
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Figure 43: Persistent reactive gliosis by 5-Fluorouracil results in complete loss of rod
and cone photoreceptors. A-F) GFP expression in the Tg(nrd:egfp)/alb to show rod
photoreceptors and a subset of INL cells (green) following either saline (A-C) or 5-FU (D-F)
injections. G) Graphic representation of the number of rod photoreceptor nuclei at 72 hpL, 7
dpL, and 11 dpL in saline or 5-FU treated retinas. H-M) Immunolocalization of Zpr-1 to show
red/green double cones following either saline (H-J) or 5-FU (K-M) injections. G) Graphic
representation of the number of double cones at 72 hpL, 7 dpL, and 11 dpL in saline or 5-FU
treated retinas. Significantly different from control (*). Scale bar represents 100 µm. ONL: outer
nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 44: Persistent inhibition of Müller glial cell proliferation results in thickened inner
and outer limiting membranes. GFP expression in Müller glial cells (green) in the
Tg(gfap:egfp)/alb line at 11 days post Ouabain injection following 12 consecutive daily injections
of saline or 5-FU. Arrows depict thickening of inner and outer limiting membranes of 5-FU
treated retinas. Inset show persistent wrapping of retinal neurons in 5-FU treated retinas.
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CHAPTER 4: CHARACTERIZATION OF SHH SIGNALING DURING ZEBRAFISH RETINAL
REGNERATION
Summary
In contrast to the mammalian retina, the zebrafish retina possesses the remarkable
ability to regenerate following damage. It is well established that this is primarily accomplished
through Müller glial cells. Upon damage, Müller glial cells re-enter the cell cycle to form
progenitor cells, which then migrate to the area of damage and differentiate into new neurons.
The purpose of this study is to identify the signals that affect Müller glial cell proliferation and
subsequent differentiation of retinal progenitors. A recent report implicated Sonic Hedgehog
(Shh) signaling in the proliferation of Müller glial-derived progenitors. In order to definitively
determine the role of Shh signaling during adult retinal regeneration we used gain- and loss- of
function techniques and two retinal damage models: constant intense light to specifically photoablate photoreceptors, and intravitreal injections of the cytotoxin Ouabain to damage all retinal
neurons. Using the light-damage model, we first show that Shh signaling induces Müller glial
reactive gliosis, including cell hypertrophy and an up-regulation of glial fibrillary acidic protein. In
addition, Shh regulates the percentage of Müller glial cells that re-enter the cell cycle following
damage and exhibits neuroprotective effects on both rod and cone photoreceptors. Next, using
the Ouabain-damage model, we show that Shh signaling also affects the differentiation of retinal
progenitors. An increase in Shh signaling specifically increases the number of amacrine and
ganglion cells in the regenerated retina, whereas inhibiting Shh signaling results in fewer
amacrine and ganglion cells. This result is consistent with the defined role of Shh during retinal
development, when Shh signaling is required for differentiation of amacrine and ganglion cells.
Together, these data define the pleiotropic roles of Shh during retinal regeneration and add to
the growing list of signaling pathways that regulate the regenerative response of Müller glial
cells in the adult zebrafish retina.
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Introduction
Sonic Hedgehog (Shh) is one of three pattern-forming genes in the Hedgehog (Hh)
signaling family. First discovered in Drosophila (Nusslein-Volhard and Wieschaus 1980), Hh
signaling is conserved across species (Krauss, Concordet et al. 1993; Murone, Rosenthal et al.
1999) and functions to control the patterning and development of many tissues. For example,
Shh signaling is required for the proper development of the neural tube (Ericson, Muhr et al.
1995), limbs (Laufer, Nelson et al. 1994), gut (Roberts, Johnson et al. 1995), lungs (Bellusci,
Furuta et al. 1997) and retina (Stenkamp, Frey et al. 2000). Shh can act as both a short-range,
contact-dependent factor, and as a long-range, diffusible morphogen (Johnson and Tabin
1995). Expression of Shh begins with the autocatalyitic modification of a Shh precursor, which
separates the C-terminal catalytic domain from the N-terminal secretion domain. The resulting
mature Shh is released from the cell via the transmembrane protein Dispatched, where it can
affect nearby cells by binding to the cell surface receptor, Patched (Ptch). Once bound, Ptch
releases Smoothed (Smo), the signaling component of the Shh pathway. Smo in turn activates
the Gli1/2 complex of proteins by releasing the inhibitory Gli3 protein. Active Gli1/2 complex
translocates to the nucleus and initiates transcription of Shh target genes (Murone, Rosenthal et
al. 1999; McMahon 2000). Given the pleiotropic functions of Shh signaling, target genes are
specific to individual tissues and stages of development. For example, Shh regulates Olig2 in
the ventral portion of the neural tube (Chiang 1996), Smooth muscle α-actin (SMA) in the gut
(Tsukiji, Amano et al. 2014) and Stil in the retina (Sun, Li et al. 2014). In addition, SHH has been
shown to regulate CyclinD expression to induce cellular proliferation and Bcl2 to promote cell
survival. Finally, Shh targets genes within its own signaling pathway, including Gli1, Ptch1, and
Ptch2, to regulate activity through a positive feedback loop (Katoh and Katoh 2009).
Shh signaling is required for the proper development of all vertebrate retinas and acts as
a short-range signal to regulate the initial wave of cellular differentiation (Zhang and Yang 2001;
Shkumatava, Fischer et al. 2004; Wang, Dakubo et al. 2005). As in all vertebrate retinas,
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neurogenesis in the zebrafish retina begins at the optic stalk, where the first born neurons are a
small cluster of retinal ganglion cells (RGCs) (Hu and Easter 1999; Masai, Stemple et al. 2000).
Shh expression from these RGCs drives a wave of differentiation from the central to peripheral
retina, inducing the differentiation of RGCs within the ganglion cell layer (GCL) (Neumann and
Nuesslein-Volhard 2000). Shortly after the initial wave of ganglion cell differentiation, a second
wave of shh-expressing amacrine cells, thought to be temporally related to the initial wave, can
be visualized. Shh expression in this second wave is necessary for the differentiation of INL
cells, including amacrine, bipolar, horizontal and Müller glial cells (Shkumatava and Neumann
2005). Finally, Shh expression may also be involved in the final stages of retinal development,
including the development of rod and cone photoreceptors (Stenkamp, Frey et al. 2000;
Shkumatava and Neumann 2005); however, interpretation of these findings in zebrafish are
complicated by the duplication of shh genes.
Zebrafish have two shh genes, shha and shhb (previously tiggy-winkle hedgehog, twhh).
While both genes are expressed in the retina, previous reports on shh expression and function
in the developing retina are at times contradictory (Neumann and Nuesslein-Volhard 2000;
Stenkamp, Frey et al. 2000; Shkumatava and Neumann 2005). For example, Neumann et al.
showed endogenous shha and shhb expression in a subset of amacrine and ganglion cells,
whereas Stenkamp et al. showed endogenous shha and shhb expression only in the retinal
pigmented epithelium (RPE). In the zebrafish shha mutant, sonic you (syu; shha-/-), shha
expression is present in the first born ganglion cells, but then cellular differentiation fails to
spread, suggesting that Shha is required for the spread, but not the initiation of the first born
ganglion cells (Neumann and Nuesslein-Volhard 2000). Interestingly, syu mutant retinas do not
completely arrest at this stage of retinogenesis. For example, at a later stage of development,
syu mutants showed the presence of both inner and outer retinas, with retinal laminarization and
photoreceptor number slightly improving over time. These data suggest a possible
compensation by Shhb (Shkumatava, Fischer et al. 2004); however, because no mutant for
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shhb existed, pharmacological and anti-sense morpholino approaches were used to determine
the combined and individual role of each protein. Combined knockdown of both Shha and Shhb
was performed using cyclopamine, a small molecule inhibitor of the Hh receptor Smoothened
(Smo) (Incardona, Gaffield et al. 1998). Newman et al. 2000 reported that cyclopamine
treatment inhibited the intial wave of neurogenesis from 25-52 hpf, suggesting that Shha and
Shhb have redundant function in the developing retina (Stenkamp, Frey et al. 2000). A
conflicting study, however, reported that the spread of retinal ganglion cells was not inhibited,
but only delayed, following the same cyclopamine treatment (Kay, Link et al. 2005). Combined
knockdown of Shha and Shhb by antisense morpholinos largely support a redundant role for
Shha and Shhb during retinal development. For example, combined knockdown showed a
disruption in INL cell morphology and slowed photoreceptor development based on opsin
expression (Stenkamp, Frey et al. 2000; Stenkamp and Frey 2003), whereas individual
knockdown of Shha or Shhb failed to cause a significant decrease in opsin expression,
Therefore, while these data clearly indicate that total Shh signaling plays a critical role in the
proper development of inner retinal neurons and photoreceptors, the precise role of Shha and
Shhb at each stage of retinogenesis remains somewhat unclear.
In addition to having a well established role in retinal development (Neumann and
Nuesslein-Volhard 2000; Stenkamp, Frey et al. 2000; Stenkamp and Frey 2003; Shkumatava,
Fischer et al. 2004; Shkumatava and Neumann 2005), two recent studies have implicated Shh
signaling as a pivotal pathway during adult zebrafish retinal regeneration (Sherpa, Lankford et
al. 2014; Sun, Li et al. 2014). First, following selective damage to photoreceptors using 6OHDA, Sun et al. showed that inhibition of the Shh signaling pathway reduced the rate of cell
proliferation, while activation increased the rate of cell proliferation. In addition, Sherpa et al.
showed that Shh signaling is necessary for rapid functional recovery following regeneration. The
purpose of this study is to clearly elucidate the role of combined Shh signaling during adult
retinal regeneration in zebrafish. Here we show that Shh signaling has pleiotropic roles following
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two different damage models. First, Shh signaling is required for a proper proliferation response
from Müller glial cells. Second, Shh signaling regulates the number of regenerated inner retinal
neurons following damage. These data implicate Shh signaling as a critical factor during the
regeneration process.
Expression of Shh signaling in the Adult Zebrafish Retina
Due to the contradictory expression patterns in retinal development, we first wanted to
determine the expression patterns of shha and shhb in the adult retina. Here we used in situ
hybridization and the Tg(shha:egfp) transgenic line to determine shha expression in the
undamaged retina and quantitative real-time PCR (qPCR) to determine shha, shhb and ptch2
expression in the undamaged and Ouabain injected adult retinas. In the undamaged retina,
endogenous shha expression was observed in the majority of amacrine and ganglion cells (Fig.
45B) while EGFP expression was only visualized in a subset of amacrine and ganglion cells,
and the inner plexiform layer (IPL) (Fig. 45A). In both the mammalian and zebrafish retina, the
subset of amacrine and ganglion cells that express Shh are localized immediately adjacent to
Müller glial cell soma. (Jensen and Wallace 1997; Neumann and Nuesslein-Volhard 2000;
Shkumatava, Fischer et al. 2004). This raises the possibility that signaling from Shh-expressing
amacrine cells could affect adjacent Müller glia prior to their re-entry into the cell cycle. In order
to determine if Müller glial cells are receptive to Shh signaling in the zebrafish retina, GFPpositive Müller glial cells were isolated from the retinas of undamaged Tg(gfap:egfp) fish and
analyzed by qPCR or the Shh surface receptor, patched2 (ptch2) (Shen, Ozacar et al. 2013).
Significantly elevated gfap expression confirmed Müller glial cells were successfully isolated
from the rest of the retinal cells. In addition, ptch2 expression was significantly increased in
GFP-positive Müller glial cells, indicating that Müller glial cells are receptive to Shh signaling.
(Fig. 45C).
Next, shha and shhb expression was characterized following the constant-intense light
and Ouabain damage models. In the light damaged retinas at 48 and 72 hours following the
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onset of light (hpL), no changes in EGFP expression were visualized (Fig. 46B-C). However,
similar to the previously described expression of Shh (Jensen and Wallace 1997), EGFPpositive amacrine cells were observed directly adjacent to columns of proliferating Müller glial
cells (Fig. 46B-C; arrows). While endogenous expression of shha and shhb during the light
treatment remains unclear, a more thorough analysis of their expression patterns were analyzed
following Ouabain damage. At 1 day post Ouabain injection (dpi), massive expansion of the IPL
was visualized and both endogenous shha and EGFP expression persisted in amacrine and
ganglion cells. At 3 dpi, although the IPL collapsed, shha expression was observed in the inner
portion of the retina. At 5 dpi, the timepoint of maximum proliferation, intense endogenous shha
expression was visualized in the innermost portion of the retina where proliferating cells reside,
while weak staining of shha was observed in the outer portion of the retina. In contrast, very little
EGFP expression was visualized at this timepoint. At 7 dpi, weaker expression of endogenous
shha was observed in cells with the morphology of proliferating neuroepithelium. Interestingly,
while endogenous shha was expressed in proliferating neuroepithelial cells, no EGFP
expression was observed. Finally, at 28 dpi endogenous shha expression was observed in the
majority of amacrine and ganglion cells and EGFP expression was visualized in a subset of
amacrine and ganglion cells, and the IPL (Fig. 47). In order to further characterize the changes
in the Shh signaling pathway over the Ouabain timecourse, changes in shha and shhb were
analyzed using quantitative real-time PCR (qPCR). In the Ouabain damaged retina, shha
expression peaked at 1 dpi, and remained significantly increased through 14 dpi. Conversely,
shhb expression was not significantly increased until 3 dpi with maximum expression at 7 dpi,
and persistently increased expression through 28 dpi. These different expression patterns could
indicate differential roles for shha and shhb in proliferation and differentiation, respectively.
Expression profiles of the transmembrane receptor, ptch2, and the transcriptional regulator, gli1
(Shen, Ozacar et al. 2013; Sun, Li et al. 2014) confirmed dynamic changes in Shh signaling
throughout the Ouabain timecourse. Specifcally, ptch2 expression was significantly decreased
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at 1 and 3 dpi, and significantly increased at 5 and 7 dpi. Expression of gli1 peaked at 1 dpi and
remained significantly increased through 5 and 7 dpi (Fig. 48). Together, these data show that
shh expressing cells are located directly adjacent to Müller glial cells and suggest possible
temporally distinct roles for shha and shhb during retinal regneration.
Overexpression of Shh Signaling is Sufficient to Prime Müller Glial Cells to Reenter the
Cell Cycle
In order to elucidate the effects of Shh signaling during retinal regeneration, intravitreal
injections of two compounds were used. Overexpression studies were performed using
recombinant SHH-N protein (100 µg/mL; R&D Systems) and inhibition of Shh signaling was
accomplished using cyclopamine (100 µM; Toronto Research Chemicals). To first determine the
effects of these compounds on the retina in the absence of damage, Tg(gfap:egfp) fish were
injected daily for three days and analyzed for changes in Müller glial cell morphology and gene
expression of gli1, gfap, ascl1a, and pcna. In the absence of damage, no significant changes to
Müller glial cells were observed following intravitreal injections of saline or cyclopamine (Fig.
49). However, inhibition of Shh signaling was confirmed by a significant decrease in the
downstream transcription factor, gli1 (EtOH control=1±0.183, cyc=0.59±0.158; p=0.0315). In
contrast, retinas injected with SHH-N showed gliotic characteristics, including cell hypertrophy, a
significant increase in GFP intensity (Fig. 49A; Saline control=93.245±16.870, SHHN=140.373±7.925; p=0.0402), and a significant upregulation of gfap (Fig. 49B). While PCNApositive Müller glia were not observed in the absence of damage (data not shown), SHH-N
treatment resulted in a significant upregulation of ascl1a expression, an early marker of Müller
glial cell dedifferentiation into a stem cell fate, and the proliferation marker pcna (Fig. 49B).
Taken together, these data indicate that Shh signaling is sufficient to induce a gliotic response
from Müller glial cells and to prepare them to reenter the cell cycle.
Shh Signaling Affects Müller Glial Cell Proliferation and Retinal Neuron Differentiation
Following Light Damage

140
To determine the effect of Shh signaling during the initial steps of retinal regeneration,
photolesioned zebrafish were injected with control solutions, SHH-N, or cyclopamine, and
analyzed at 36 hpL. Compared with saline injected control retinas at 36 hpL, Müller glial cells
from SHH-N treated retinas were hypertrophied and exhibited a significant increase in GFP
intensity (Fig. 50A; Saline control=28.878±2.383, SHH-N=54.694±5.254; p=0.0021) and gfap
expression (Figure 50A, B). In addition, SHH-N treated retinas showed an abnormal and
significant increase in pcna expression and the percentage of Müller glial cells that reentered
the cell cycle (Figure 50A-C). Similar to undamaged retinas, no significant change in gfap
expression was observed at 36 hpL following cyclopamine treatment (EtOH control=1±0.106,
cyc=0818±0.101; p=0.1013). However, cyclopamine treated retinas exhibited a significant
decrease in pcna expression (EtOH control=1±0.029, cyc=0.71±0.139; p=0.0168), and the
percentage of Müller glial cells that reentered the cell cycle (Figure 50A, C). These data indicate
that Shh signaling is necessary for a proper proliferation response from Müller glial cells
following light damage.
Shh was previously reported to play a neuroprotective role on motor neurons following
sciatic nerve injury (Hashimoto, Ishii et al. 2008). To determine the effects of Shh signaling on
photoreceptor neuroprotection in the retina, light damaged retinas were injected with SHH-N
and analyzed at 24 and 72 hpL. At 24 hpL, significantly fewer TUNEL-positive nuclei were
observed in the ONL (Fig. 51). In contrast to treatment with 5-FU (Chapter 3), no TUNEL
staining of Müller glial cell processes in the INL was observed, and the number of TUNELpositive nuclei was not increased at 72 hpL (Fig. 51; p=0.0798). Therefore, because Müller glial
phagocytosis of cellular debris was not observed following SHH-N injections, it is likely that
SHH-N has a direct neuroprotective effect on photoreceptors that is not mediated through Müller
glia.
In order to determine the long term effects of Shh signaling on retinal regeneration,
photolesioned retinas were injected with control solutions, SHH-N, or cyclopamine and analyzed
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for photoreceptor loss and regeneration at 3, 7 and 11 dpL. Nearly all rod and cone
photoreceptors were destroyed by the photolytic lesion in control retinas at 3 dpL, which was
followed by an increased number of newly regenerated photoreceptors at 7 and 11 dpL. In
contrast, SHH-N-treated retinas possessed significantly more rod and cone photoreceptors at 3
dpL compared with saline control retinas (Fig. 51A-C; p=3.52*10-7 and p=3.12*10-7,
respectively), and maintained the majority of these photoreceptors through 7 dpL (Fig. 52A-C;
p=0.129 and p=4.19*10-4, respectively). Interestingly, at 11 dpL, SHH-N-treated retinas
possessed significantly fewer rod and cone photoreceptors than control retinas (Fig. 51A-C;
p=1.19*10-11 and p=0.011, respectively). Finally, no significant change in the number of
regenerated rod or cone photoreceptors was observed in cyclopamine treated retinas at 11 dpL
(Fig. 51D-E). Therefore, while Shh overexpression resulted in early neuroprotection of rod and
cone photoreceptors, those photoreceptors that were lost were not properly regenerated.
Further, inhibition of Shh signaling has no effect of photoreceptor regeneration following light
damage.
To further characterize the long term effects of SHH overexpression on retinal
regeneration, photolesioned zebrafish were injected with saline or SHH-N and analyzed for
inner retinal differences and for the presence of EdU (Bailey, Fossum et al. 2010; Thomas,
Ochocinska et al. 2012). At 11 dpL, SHH-N-treated retinas possessed a significantly thicker INL
that contained more inner retinal neruons than control retinas (Fig. 53A-B) EdU labeling was
examined at 3 dpL, during the peak of progenitor proliferation and migration to the ONL, and at
11 dpL, following the majority of photoreceptor differentiation (Fig. 53C). In control retinas at 3
dpL, EdU labeling was visualized in columns of Müller glial-derived progenitor cells as they
migrated from the INL to the ONL (Fig. 53C). In contrast, EdU-positive cells in SHH-N-treated
retinas remained largely in the INL, with only a few individual cells labeled in the ONL (Fig.
53C). At 11 dpL, control retinas possessed EdU-positive rod and cone photoreceptors in the
ONL, whereas SHH-N-treated retinas possessed significantly fewer EdU-positive cells in the
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ONL (Fig. 53C-D). Furthermore, EdU-positive cells in the INL largely co-labeled with an
amacrine and ganglion cell marker HuC/D at 11 dpL (Fig. 53E), indicating that SHH-N
significantly increased the number of amacrine and ganglion cells at the expense of
photoreceptors. Together, these data indicate that Shh overexpression resulted in an
uncontrolled proliferation response and aberrant retinal regeneration. However, these data
could be interpreted two ways: First, Shh signaling is affecting inner retinal neuron regeneration
at the expense of photoreceptors, or second, Shh is affecting the migration of newly generated
progenitor cells. In order to more clearly define the role of Shh signaling, we characterized its
role during retinal development and following a high dose of Ouabain, which will destroy all
retinal neurons while leaving Müller glial cells intact (Fimbel, Montgomery et al. 2007; Sherpa,
Lankford et al. 2014).
Shh Signaling in the Developing Retina
The role of Shh signaling during retinal development was characterized using a
transgenic line to overexpress Shha and cyclopamine to inhibit total Hh signaling. The heatinducible transgenic line, Tg(hsp70:shha-EGFP), uses the hsp70 promoter to drive shha fused
with EGFP to ubiquitously overexpress Shha following heat shock (Shen, Ozacar et al. 2013).
Transgenic embryos and wild-type siblings were heat-shocked daily in order to determine to
early and late effects of Shha overexpression during retinal development. Expression of the
transgene was first examined in embryonic Tg(hsp70:shha-EGFP) zebrafish at 4 hours post
heat-shock, at which time transgenic embryos ubiquitously expressed EGFP, whereas no EGFP
was observed in embryos negative for the transgene (Fig. 54A). To determine the effects of Shh
overexpression in the developing retina, EGFP-positive and –negative embryos were analyzed
at 48 and 96 hpf. At 48 hpf, retinas from EGFP-positive animals possessed a significantly higher
number of progenitor cells and no visible plexiform layers (Fig. 54B). In contrast, retinas from
EGFP-negative embryos exhibited the characteristic cellular lamination and cellular proliferation
restricted to the margins that would be expected at 48 hpf (Fig. 54B). At 96 hpf, larger eyes and
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an overall greater number of retinal cells was observed in EGFP-positive animals (Fig. 54C-E).
Specifically, EGFP-positive animals possessed significantly more amacrine and ganglion cells,
but significantly fewer photoreceptors compared with wild-type siblings (Fig. 54C-D). These data
indicate that overexpression of Shha results in an increased number of total progenitors, which
are ultimately driven to an amacrine and ganglion cell fate.
Cyclopamine is a pharmacological inhibitor of hedgehog signaling that has been
successfully used to inhibit Shha and Shhb function in the developing zebrafish retina
(Stenkamp and Frey 2003). Embryonic zebrafish were exposed to 100 µM cyclopamine from 3
hpf to 48 hpf. At 48 hpf, cyclopamine-treated embryos possessed eyes that were significantly
smaller compared with non-treated animals and retinas with a fewer number of cells (Fig. 55A,
C). Although the cells that were present at 48 hpf were all positive for the G1/S marker PCNA
(data not shown), these progenitors failed to continue to proliferate, as noted by the persistently
small eye phenotype and fewer total number of retinal cells at 96 hpf (Fig. 55A-B). Furthermore,
an increased number of pyknotic nuclei were observed in cyclopamine-treated retinas at 96 hpf
(Fig. 55A, C). Together, these data suggest that in the absence of Shh signaling, progenitor
cells fail to properly divide or differentiate, and are ultimately targeted for cell death.
Shh Signaling Regulates Inner Retinal Neuron Differentiation Following Ouabain Damage
At high doses, intravitreal injections of Ouabain will destroy all retinal neurons, leaving a
Müller glial cell sheath encasing all retinal progenitors (Fig. 12; (Fimbel, Montgomery et al.
2007)). In order to test whether Shh signaling affected progenitor cell migration, saline, SHH-N,
or cyclopamine was intravitreally injected at 3 days post Ouabain injection (dpi), and continued
daily through 10 dpi. Tissue was collected and analyzed at 5, 7, 11 and 28 dpi. At 5 dpi, qPCR
analysis was used to first confirm the efficacy of SHH-N and cyclopamine. Specifically, SHH-N
significantly increased gli1 expression and cyclopamine significantly decreased gli1 expression,
indicating these compounds directly affect the Shh signaling pathway. In addition, the
transcription factor, ascl1a, which is required to convert quiescent Muller glial cells into actively
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dividing retinal progenitors, and pcna, the marker for actively dividing cells, were both
significantly increased following SHH-N treatment and significantly decreased following
cyclopamine treatment (Fig. 56).
Next, immunohistochemistry was used to visualize the effects of overexpressing or
inhibiting Shh signaling. At 7 dpi, almost no photoreceptors or inner retinal neurons remained in
control retinas (Fig. 57A, D; data not shown). At this timepoint, no significant changes in the
number of cells were observed in either SHH-N or cyclopamine-treated retinas (Fig. 57D). At 11
dpi, SHH-N-treated retinas possessed significantly more amacrine and ganglion cells, while
cyclopamine-treated retinas possessed significantly fewer (Fig. 57A, D). In contrast to light
damaged retinas (Fig. 52), no significant changes in the number of regenerated photoreceptors
were observed between the control and treatment groups (Fig. 57B-D). However, in SHH-Ntreated retinas, photoreceptor-specific markers labeled clusters of cells in the INL (Fig. 57B-C).
Finally, at 28 dpi, the number of amacrine and ganglion cells remained significantly increased in
SHH-N-treated retinas and significantly decreased in cyclopamine-treated retinas (Fig. 57A, D).
Furthermore, the morphology of the retinal lamina was adversely affected by both SHH-N and
cyclopamine treatments. Compared with control retinas at 28 dpi, SHH-N-treated retinas
exhibited a significantly expanded IPL that contained displaced amacrine and ganglion cells
(Fig. 57A). Conversely, the IPL was nearly undetectable in cyclopamine treated retinas at 28 dpi
(Fig. 57A)
Finally, in order to reveal potential targets of Shh signaling, Ouabain damaged eyes
were treated with saline, SHH-N, or cyclopamine and analyzed at 7 dpi for changes in the
expression of genes implicated in cell specification. First, gli1 expression confirmed continued
action of SHH-N and cyclopamine at 7 dpi (Fig. 58). Next, SHH-N-treated retinas showed a
significant increase in both atoh7 and notch1a, whereas cyclopamine treated retinas showed a
signifant decrease in the expression of both genes (Fig. 58). The expression of atoh7 is required
for ganglion cell fate commitment and the expression of notch1a is required for retinal progenitor
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cells to achieve non-photoreceptor fates (Sherpa, Fimbel et al. 2008; Mizeracka, DeMaso et al.
2013). Finally, neither SHH-N nor cyclopamine treated retinas showed a significant change in
neurod expression, which induces rod photoreceptor fate (Ochocinska and Hitchcock 2009).
Taken together, these data indicate that Shh signaling is both sufficient and necessary for two
important steps in retinal regeneration. First, Shh signaling is required for Müller glial cell
dedifferentiation and proliferation. Second, Shh signaling affects the subsequent differentiation
of retinal progenitors, driving them toward an inner retinal neuron cell fate.
Discussion
This study defines the pleiotropic roles of Shh during retinal regeneration. First, we show
that shha is expressed in amacrine and ganglion cells, and that Müller glial cells expressed the
Shh receptor ptch2. Second, overexpression of Shh signaling using recombinant SHH-N was
sufficient to prime Müller glial cells to reenter the cell cycle, and induced uncontrolled Müller glial
cell proliferation, impaired photoreceptor regeneration, and an increased number of inner retinal
neurons following light damage. Finally, following Ouabain damage, an increase in Shh
signaling specifically increased the number of amacrine and ganglion cells in the regenerated
retina, whereas inhibiting Shh signaling resulted in fewer amacrine and ganglion cells.
Different factors have been suggested as regulators of cell proliferation in the retina,
including Ascla, H-EGF, Wnt, and Shh (Ramachandran, Zhao et al. 2011; Wan, Ramachandran
et al. 2012; Liu, Hunter et al. 2013; Sun, Li et al. 2014). The Sonic Hedgehog (Shh) signaling
pathway is conserved from invertebrates, and is essential for proper retinal development in all
vertebrates, and has been implicated as a key regulator of proliferation following photoreceptor
damage in the mammalian retina (Wan, Zheng et al. 2007). Here we showed that
overexpression of Shh in the light-damaged zebrafish retina induces a characteristic reactive
gliosis response and uncontrolled proliferation, whereas inhibition of Shh signaling
downregulates Müller glial cell proliferation (Fig. 50). This is in stark contrast to the normal
regeneration response, wherein the subset of Müller glial cells that re-enter the cell cycle
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downregulate GFAP (Thummel, Kassen et al. 2008). Notably, in contrast to inhibition of Müller
glial cell proliferation using 5-fluorouracil (5-FU) (Chapter 3), treatment with cyclopamine did not
cause a Müller glial cell hypertrophy or an upregulation of GFAP. This could result from the two
compounds inhibiting the cell cycle at different stages. 5-FU inhibits the cell cycle following entry
into the S-phase. It is possible that cyclopamine could inhibit proliferation at a later stage or
secondarily through alternative signaling pathways. Further studies are required to determine
the mechanism by which cyclopamine inhibits Müller glial cell proliferation. Therefore, these
data indicate an initial role for Shh signaling in regulating Müller glial cell proliferation, and
suggest that zebrafish Müller glial cells are capable of reacting in a similar manner to Müller glia
of the mammalian retina, which are simultaneously proliferating and persistently reactive.
We further showed that overexpression of Shh during light treatment impairs
photoreceptor regeneration and increases the number of differentiated amacrine cells (Figs. 52
and 53). These results are consistent with the known role of Shh signaling during vertebrate
retinal development, during which Shh secretion induces the wave of amacrine and ganglion
cell differentiation (Neumann and Nuesslein-Volhard 2000; Shkumatava, Fischer et al. 2004;
Shkumatava and Neumann 2005; Sanchez-Camacho and Bovolenta 2008; Sanchez-Arrones,
Nieto-Lopez et al. 2013). In addition, unregulated proliferation in the damaged mammalian
retina can lead to an excess of de-differentiated and misplaced neurons in the inner retina
(Lewis, Chapin et al. 2010). Therefore, it is possible that Shh overexpression prevents
progenitor cell migration. Alternatively, Shh could drive progenitor cells towards an inner retinal
cell fate at the expense of photoreceptors. While co-labeling of EdU-positive cells with HuC/D
(Fig. 53) supports the second hypothesis, not all the EdU-positive cells co-labeled with
differentiated cell markers. Therefore, some progenitors could remain as undifferentiated cells in
the inner retina, which could account for the reduced number of regenerated photoreceptors.
Intravitreal injections of Ouabain will destroy all retinal neurons while leaving Müller glial
cells intact when used at high doses (Fig. 12) (Fimbel, Montgomery et al. 2007; Sherpa,
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Lankford et al. 2014). Here we used a high dose of Ouabain to test whether Shh overexpression
prevents progenitor cell migration. Here we show that Shh is required for amacrine and ganglion
cell differentiation, but has no effect on photoreceptor regeneration (Fig. 57). This is in contrast
to the light damage model in which there is a decrease in the number of regenerated
photoreceptors. This result indicates that Shh signaling was not inhibiting progenitor cell
migration, but rather, it was regulating signals responsible for specific cell fate decisions (Fig.
58). It is important to note, however, that multiple groups have recently shown cell signaling
pathways that regulate Müller glial dedifferentiation and proliferation (Ramachandran, Fausett et
al. 2010; Thummel, Enright et al. 2010; Nelson, Gorsuch et al. 2012; Wan, Ramachandran et al.
2012; Lenkowski, Qin et al. 2013; Nelson, Ackerman et al. 2013) and cell specific differentiation
(Craig, Thummel et al. 2010; Morris, Forbes-Osborne et al. 2011; Sherpa, Lankford et al. 2014).
While we show that Shh signaling is regulating some of these critical signaling pathways, more
extensive studies are needed to determine if these genes possess Shh specific regulatory
regions, indicating they are directly regulated by the Shh signaling pathway. Alternatively, Shh
signaling is regulating proliferation and inner retinal neuron differentiation indirectly through
other pathways. A final possibility is that proliferation and differentiation are complex processes
that require variable threshold levels of multiple signaling pathways. Further studies will
elucidate the precise place for Shh signaling in the cascade of events during retinal
regeneration.
Interestingly, following complete degeneration of all retinal neurons, the circumferential
marginal zone (CMZ) appears to become elongated (Fig. 13), indicating that regeneration could
be occurring from an expansion of the progenitors in the CMZ and not only from Müller gliaderived progenitors. Regeneration from the CMZ has been known to occur in such species as
the newt, which regenerates from the RPE and from a ten-fold increase in proliferating cells at
the CMZ (Keefe 1973; Mitashov 1997; Moshiri, Close et al. 2004). Although this type of
regeneration has never been noted to occur in zebrafish, it would not be expected following
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commonly-used damage models such as constant light treatment. First, the damage signal from
photoreceptors alone would likely not be sufficient to induce alternative sources of proliferation.
Second, the fully differentiated inner retina would create a physical barrier for progenitor cells to
migrate from the CMZ to repopulate the inner retina. It is possible, therefore, that the expansion
of the CMZ only occurs in extreme case of retinal damage, as we observe following high doses
of Ouabain. Alternatively, while the progenitor cells in this region have the morphology of
neuroepithelium and are contingous with the CMZ, it is still possible that they are Müller glia –
derived. Cell tracing studies could be used to elucidate the origin of regeneration during this
extensive damage model.
In conclusion, this study characterizes the pleiotropic roles for Shh signaling following
constant-intense light and Ouabain damage. We show that Shh signaling is required for Müller
glial cell proliferation early, followed by properly regulating amacrine and ganglion
differentiation. While the precise mechanism remains unknown, these data provide evidence
that Shh signaling is a key regulator of the regenerative process. Therefore, Shh signaling could
be an excellent candidate for translational studies in mammalian models of inner retinal neuron
degenerations.
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Figure 45. Expression of Shh signaling in the undamaged retina. A) Retinal section from
Tg(shha:egfp) immunolabeled with GFP to show a subset of amacrine and ganglion cells. B) In
situ hybridization to show endogenous shha expression. C) Graphic representation of gfap and
patched2 expression in Muller glial cells relative to the entire retina.
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Figure 46. Shha:egfp expression following constant-intense light damage. A-D) Retinal
sections in Tg(shha:egfp) zebrafish immunolabeled GFP (green), PCNA to show cell
proliferation (red) and a nuclear stain (TO-PRO-3; blue). A) Prior to light exposure (0 hr), EGFP
is observed in a subset of amacrine and ganglion cells. B) At 48 hpL, PCNA-positive cells are
directly adjacent to EGFP-positive cells (arrows). C) At 72 hpL, columns of PCNA-positive
clusters are directly adjacent to EGFP-positive cells (arrows). D) Very few proliferating cells
remain at 7 dpL.
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Figure 47. Endogenous and transgenic shha expression following Ouabain damage. Left
column: RNA in situ hybridization on retinal sections showing endogenous shha expression in
amacrine and ganglion cells at 0, 1, 3 and 28 dpi and in newly formed progenitor cells. Right
panel: Retinal sections from Tg(shha:egfp) zebrafish immunolabed with GFP in a subset of
amacrine and ganglion cells and the inner plexiform layer at 0, 1, 3 and 28 dpi. No EGFP is
visualized at 5 and 7 dpi. Dpi: days post injection. Scale bars represent 50 microns.

152

Figure 48. Quantitative real-time PCR (qPCR) analysis following Ouabain damage.
Graphic depicting changes in shha, shhb, patched2 (ptch2), and gli1 expression at 1, 3, 5, 7, 14,
28 and 60 days post Ouabain injection (dpi). Significantly different from 0 hr (*).
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Figure 49. Müller glial cell reactivity in the undamaged retina following SHH-N or
cycopamine treatment. A) Retinal sections showing GFP expression in Müller glial cells
(green) in Tg(gfap:egfp) zebrafish in the absence of damage. Images depict changes in GFP
intensity and changes in Müller glial cell morphology. B) Graph depicting changes in gfap, pcna
and ascl1a expression by quantitative real-time PCR (qPCR). Significantly different from 0 hr (*).
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Figure 50. Müller glial cell reactivity in the light damaged retina following SHH-N or
cyclopamine treatment. A) Retinal sections from Tg(gfap:egfp) zebrafish immunolabeled with
GFP to show Müller glial cells (green) and PCNA to show cell proliferation (red) at 36 hpL. B)
Graph depicting changes in gfap and pcna expression by quantitative real-time PCR (qPCR). C)
Graphic representation of the percentage of PCNA-positive Müller glial cells. Significantly
different from 0 hr (*).ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell
layer.
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Figure 51. SHH-N treatment decreases cell death in the light damaged retina. A) TUNEL
immunolocalization labels apoptotic cells (green). Nuclei are stained with TO-PRO-3 (blue). Top
panel: At 24 hpL, significantly fewerTUNEL-positive nuclei are observed in SHH-N treated
retinas than saline injected. Bottom panel: At 72 hpL, no significant changes are observed
between treatment groups. B) Graphic representation of the average number of TUNEL-positive
cells in the ONL (across 300 µm). Significantly different from control (*). Scale bar represents
100 microns (µm). ONL: outer nuclear layer. INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 52. Photoreceptor regeneration in the light damaged retina following SHH-N or
cyclopamine treatment. A-B) Retinal sections from Tg(nrd:egfp)/alb zebrafish immunolabeled
with GFP to show rod photoreceptors and a subset of inner retinal neurons (green) or Zpr-1 to
show red/green double cones (yellow) at 3, 7 or 11 dpL following saline (top panels) or SHH-N
treatment (bottom panels). C) Graphic representation of the number of rod and cone
photoreceptors at 3, 7 and 11 dpL in saline or SHH-N treated retinas. D) Retinal sections from
Tg(nrd:egfp)/alb zebrafish immunolabeled with GFP to show rod photoreceptors and a subset of
inner retinal neurons (green) or Zpr-1 to show red/green double cones (yellow) at 11 dpL
following EtOH (left panels) or cyclopamine treatment (right panels). E) Graphic representation
of the number of rod and cone photoreceptors at 11 dpL in EtOH or cyclopamine treated retinas.
Significantly different from control (*). Scale bar represents 100 µm. ONL: outer nuclear layer.
INL: inner nuclear layer. GCL: ganglion cell layer.
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Figure 53: Increased inner retinal neuron regeneration following SHH-N treatment in the
light damaged retina. A) Nuclei are stained with TO-PRO-3 (blue). In control retinas, INL is of
a normal thickness (~75 µm; framed with bar). SHH-N-treated retinas have a significantly thicker
INL (~100 µm; framed with bar). B) Graphic representation of the number of inner nuclear layer
and ganglion cell layer (INL+GCL) cells and thickness of the INL at 11 dpL. C) GFP expression
in the Tg(nrd:egfp)/alb zebrafish line to show rod photoreceptors and a subset of INL cells
(green) co-localized with EdU to label cells that re-entered the cell cycle (purple). D) Graphic
representation of the number of EdU-positive cells at 11 dpL in the INL and ONL. E) EdU
immunofluorescence (red) co-localized with HuC/D (blue) or PKC (teal) in SHH-N treated
retinas shows EdU-positive cell co-labeled with amacrine, but not bipolar cells Significantly
different from control (*). Scale bar represents 100 microns (µm). ONL: outer nuclear layer. INL:
inner nuclear layer. GCL: ganglion cell layer.
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Figure 54: Overexpression of Shh in the Tg(hsp70l:shha-EGFP) line in the developing
retina. A) Tg(hsp70l:shha-EGFP) embryos ubiquitously express GFP at 4 hours post heatshock whereas wild-type siblings do not. B) PCNA immunolocalization (magenta) labels
proliferating cells. Nuclei are stained with TO-PRO-3 (blue). At 48 hpf, retinas of transgenic fish
possess an abundance of proliferating cells compared with wild-type. C) At 96 hpf, retinas of
transgenic fish are larger and possess significantly more inner retinal neurons and significantly
fewer outer retinal neurons. D) Graphic representation of the average number of inner retinal
neurons (AC+GC) and ONL nuclei. E) Wholemount brightfield images of wild-type and
transgenic fish at 96 hpf. Tg: Tg(hsp70l:shha-EGFP) or Wt: wild-type sibling. Significantly
different from control (*). ONL: outer nuclear layer. AC: amacrine cells. GC: ganglion cells.
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Figure 55: Inhibition of Shh signaling in the developing retina following cyclopamine
treatment. A) Retinal sections from EtOH or cyclopamine treated zebrafish. Nuclei are stained
with TO-PRO-3 (blue). B) Wholemount brightfield images of EtOH or cyclopamine treated
zebrafish. C) Graphic representation of the average eye diameter at 48 hpf, total retinal cell
nuclei at 96 hpf and average pyknotic nuclei at 96 hpf in EtOH or cyclopamine treated retinas.
Significantly different from control (*).
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Figure 56: Quantitative real-time PCR (qPCR) analysis following SHH-N or cyclopamine
treatment at 5 days post Ouabain injection. Graph depicting changes in gli1, pcna and
ascl1a expression by quantitative real-time PCR (qPCR). Significantly different from control (*).
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Figure 57: Retinal neuron regeneration in the Ouabain damaged retina following SHH-N
or cyclopamine treatment. A-C) Retinal sections from saline, SHH-N or cyclopamine treated
retinas immunolabeled with HuC/D to show amacrine and ganglion cells (A; blue), Zpr-3 to show
rod photoreceptors (B, yellow) or Zpr-1 to show red/green double cones (C; orange). A)
Changes in the number of differentiated amacrine and ganglion cells at 7, 11 and 28 dpi. B-C)
No changes in the number of differentiated rod or cone photoreceptors across treatment groups
at 11 dpi. D) Graphic representation of the number of regenerated amacrine and ganglion cells
and rod and cone photoreceptors at 7, 11 and 28 dpi. Significantly different from control (*). INL:
inner nuclear layer. ROS: rod outer segments. DC: double cones. AC: amacrine cells. GC:
ganglion cells.
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Figure 58: Quantitative real-time PCR (qPCR) analysis following SHH-N or cyclopamine
treatment at 7 days post Ouabain injection. Graph depicting changes in gli1, atoh7, notch1
and neurod expression by quantitative real-time PCR (qPCR). Significantly different from control
(*).
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Overall Summary
The overall goal of this project was to characterize the retinal regeneration response
following various types of damage, explore the gliotic potential of zebrafish Müller glial cells
following retinal damage, and reveal the role of Shh during retinal regeneration. First, we show
the expression of neurod during regeneration of light-damaged adult zebrafish retina. Second,
we compare multiple light damage models and reveal a light treatment that creates widespread
and consistent photoreceptor loss. Next, we extensively characterize the gliotic potential of
zebrafish Müller glial cells following multiple types of retinal damage. Finally, these studies
comprehensively characterize the role of Shh signaling in the adult zebrafish retinal
regeneration.
Prior to the onset of this work, several outstanding issues existed in the zebrafish retinal
regeneration field. Previously, there were two commonly used light damage paradigms. The first
is exposure to constant-intense halogen light for up to four days (Vihtelic and Hyde 2000). The
second is a 30 minute exposure to an ultra-intense wide-spectrum light (Bernardos, Barthel et
al. 2007). Individually, these light treatments can result in inconsistent damage and
neuroprotected areas in the retina. These types of inconsistencies could lead to
misinterpretations during data analysis when whole retinas are collected. Further, because the
extent of the proliferation response from Müller glial cells is directly related to the extent of
damage, inconsistent photoreceptor damage could cause a variable number of Müller glial cells
to reenter the cells cycle. We discovered that combining the two light treatments had several
advantages. First, this damage model causes widespread and consistent loss of both rod and
cone photoreceptors. Second, areas that are neuroprotected following other damage models
are consistently damaged. Finally, this damage model can be used to cause extensive damage
to both albino and pigmented animals. Characterizing this new method of light damage has
fulfilled the need for a standard, consistent damage paradigm in order for clear data
interpretation across the field.
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While the process of zebrafish retinal regeneration was been largely accepted across
the field, prior to this work, Müller glial cell reactivity during this process has been generally
uncharacterized. It is well established that mammalian Müller glia respond to injury with reactive
gliosis (Reviewed in (Bringmann, Pannicke et al. 2006; Bringmann and Wiedemann 2009;
Bringmann and Wiedemann 2012). Further, recent studies suggest that mammalian Müller glia
also maintain a latent ability to produce retinal progenitors (Lewis, Chapin et al. 2010; Karl and
Reh 2012; Pollak, Wilken et al. 2013). This work characterizes the gliotic potential of zebrafish
Müller glial cells, and the relationship between Müller glial cell proliferation and reactive gliosis.
Further, these data definitively show that zebrafish Müller glial cells undergo a reactive gliosis
response similar to that of the mammalian model and, therefore, also possess both gliotic and
proliferative potential. Thus, this work has demonstrated that mammalian and zebrafish Müller
glial cells are intrinsically similar, and provides a platform to screen the adult zebrafish and
mammalian retinas for signaling pathways that induce gliotic or regenerative cell fates.
Finally, Shh is a highly conserved signaling morphogen with critical roles in dorso-ventral
patterning of the central nervous system (Krauss, Concordet et al. 1993; Marti and Bovolenta
2002) and the initial wave differentiated neurons in the developing retina (Neumann and
Nuesslein-Volhard 2000; Shkumatava, Fischer et al. 2004). However, the role of Shh signaling
during adult zebrafish retinal regeneration had not been extensively characterized. This work
describes endogenous and transgenic shha expression in amacrine and ganglion cells in the
undamaged adult zebrafish retina and in proliferating neuroepithelial cells following constantintense light and Ouabain damage. Further, this works establishes pleiotropic roles for Shh
signaling in Müller glial cell proliferation and for proper inner retinal neuron regeneration. These
data are consistent with the known expression pattern and functions of Shh signaling in the
developing retina (Neumann and Nuesslein-Volhard 2000; Shkumatava, Fischer et al. 2004;
Shkumatava and Neumann 2005). Therefore, this work has fulfilled the need for
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characterization of a critical developmental signaling pathway in the adult retina, and provided a
new candidate gene for retinal regeneration studies in the mammalian retina.
Understanding the important extracellular and intracellular signaling pathways and gene
networks that regulate Müller glial-dependent retinal regeneration is a quickly emerging topic for
research. These studies are beginning to focus on such topics as mechanisms of cell adhesion,
cell density sensors, asymmetric Müller glial cell division and cell fate decisions. Other important
topics for future studies include the underlying mechanisms behind proper daughter cell
migration and the reestablishment of the neuronal circuitry. To this point zebrafish retinal
regeneration has been well defined, but further studies will fill the remaining gaps in our
understanding of the regenerative machinery. The overall goal of this research is to create a
platform for successful translational studies, which ultimately could lead to the development of
vision restoration treatments in the damaged or diseased human retina.
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MATERIALS AND METHODS
Zebrafish Lines and Maintenance
Multiple zebrafish lines were used for this study (Table 5). Fish were fed a combination
of brine shrimp and dried flake food three times daily and maintained at 28.5 °C on a 14 h light
(250 ux): 10 h dark cycle (Westerfield 1995). All animal care and experimental protocols used in
this study were approved by the Institutional Animal Care and Use Committee at Wayne State
University School of Medicine and are in compliance with the ARVO statement on the use of
animals in vision research.
Light Damage Protocols
Following a 10 day dark adaptation, 6-12 month old zebrafish were exposed to one of
three different light treatments to destroy photoreceptors: A four-day exposure to constant bright
light (Vihtelic and Hyde 2000; Kassen, Ramanan et al. 2007; Thummel, Kassen et al. 2008)
using four halogen lamps (250W; ~8000 lux); a 30-min exposure to very intense light (~100,000
lux) using a UV light source, after which the animals were returned to standard 14 hour light: 10
hour dark conditions (Bernardos, Barthel et al. 2007); or a 30-min exposure to the UV light
treatment immediately followed by up to four days of exposure to constant bright light using the
halogen lamps. No change in water temperature occurred during the 30-min exposure to UV
light. During the four-day exposure to constant bright light, the water temperature was
maintained between 30 and 32° C.
Intravitreal Injections
Intravitreal injections were performed as previously described (Qin, Kidd et al. 2011).
Fish were anesthetized and a small incision was made in the cornea using a Safety Sideport
Straight Knife (15°; Beaver-Vistec International). A 33 gauge Hamilton Syringe was used to
inject 0.75 microliters of solution. Solutions used for injections can be found in Table 6. For the
light damage paradigm, injections of control solutions, 5-FU, SHH-N or Cyclopamine began at 48 hpL and continued through the day prior to collection or 48 hpL for later timepoints
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(maximum 5 injections). For the Ouabain damaged retinas, injections of control solutions, SHHN or Cyclopamine began at 3 dpi and continued through 10 dpi (8 injections).
Wholemount Brightfield and Fluorescent Imaging
Live transgenic embryos and adult fish were anesthetized with 2-phenoxyethanol prior to
microscopy. Images were captured on a Spot digital camera (Diagnostic Instruments; Sterling
Heights, MI, USA) attached to a Leica M165 FC stereomicroscope.
EdU Incorporation
59-ethynyl-29-deoxyuridine (EdU; Invitrogen, Carlsbad, CA) was diluted in 1XPBS to 1
mg/mL and injected intraperitoneally (IP; 50 microliters) into adult Tg(nrd:egfp)/albino zebrafish
as previously described (Bailey, Fossum et al. 2010). For experiments in Chapter 1, two
injection protocols were used. First, in order to label all of the progenitors, daily injections were
performed throughout the light treatment. Second, in order to label a subset of the progenitors, a
single injection was performed immediately prior to starting the light treatment and eyes were
harvested 96 hpL. For experiments in Chapter 3, EdU injections began at 24 hpL and continued
through 48 hpL (for 72 hpL timepoint) or 72 hpL (for 7 and 11 dpL timepoints).
Immunolocaliztion of EdU was performed using Click-iT EdU AlexaFluor 594 Imaging Kit per the
manufacturer’s instructions (Invitrogen), followed by GFP colocalization as described below.
Cell Death Analysis
Terminal Transferase dUTP Nick End Labeling (TUNEL) assay was performed using the
ApoAlert DNA fragmentation kit (Clonetech, Mountain View, CA), with some minor modifications
as previously described (Qin 2011). Tissue was permeabilized in ice-cold NaCitrate buffer
(0.1%NaCitrate, 0.1% Triton X-100) in the freezer for 2 minutes. TdT reaction was performed at
37° C for 2 hours using biotinylated dNTPs (New England Biolabs, Ipswich, MA). Enzyme
reaction was followed by AlexaFluor-conjugated StrepAvidin labeling (Molecular Probes),
followed by immunolocalization as described below.
Immunohistochemistry and Confocal Microscopy
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Tissue was harvested and fixed in either 4% paraformaldehyde in 5% sucrose/16PBS or
9:1 ethanolic formaldehyde (100% ethanol: 36% formaldehyde) overnight at 4° C. Embryos and
adult tissues were cryoprotected in 5% sucrose/16PBS twice at room temperature, followed by
a 30% sucrose/16PBS wash overnight at 4° C. Tissues were then frozen in Tissue Freezing
Medium (TFM) (Triangle Biomedical Sciences, Durham, NC) and cryosectioned at 16-18
microns. Sections were transferred to glass slides, dried for up to 4 hours at 56° C, and stored
at -80 °C. Immunohistochemistry was performed as previously described (Thummel, Kassen et
al. 2008). Primary and secondary antibodies and dilutions can be found in Table 7. Coverslips
were mounted using ProLong Gold (Molecular Probes, Eugene, OR) and confocal microscopy
was performed using a Leica TCS SP2 confocal microscope. Images were obtained equidistant
from the margin and the optic nerve in both the dorsal and ventral halves of the retina.

All

quantitative analysis was performed over a 300 micron distance on retinal cryosections in the
central dorsal or ventral retina of the optic nerve plane. ImageJ was used to analyze the
fluorescent intensity of the EGFP-positive Müller glial cells over an area spanning the thickness
of the retina in the Tg(gfap:egfp) line. Statistical significance between two groups was
determined using standard Student’s t-test. Error bars represent the standard error of the mean.
Quantitative Real-Time PCR
Total RNA was isolated from a pool of control or experimental retinas in 0.5 mL Trizol
reagent. Primers used in Table 8. SYBR green (Applied Biosystems) qPCR reaction was carried
out in technical triplicate of each sample pool using a Mastercycler Ep Realplex (Eppendorf). A
total reaction volume of 20 microliters was used, including 2 microliters of cDNA. Analysis was
performed using the Livak 2-Δ ΔC(t) method.
Western Blot Analysis
Western blot analysis was performed as previously described (Vihtelic, Doro et al. 1999;
Thummel, Kassen et al. 2008). Total protein was isolated from whole embryos (n = 50`200) at
48 hours post-fertilization (hpf), undamaged control adult retinas (n = 10) or light damaged adult
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retinas (n = 10 per light treatment), and homogenized in extraction buffer (10% Glycerol, 1%
Triton X-100, 5 mM KPO4, 0.05 mM EDTA, 1 complete protease inhibitor cocktail tablet from
Roche). The total protein equivalent of 1 embryo or 1/4 retina was combined with 2X Laemmli
sample buffer (Bio-Rad, 161-0732), boiled for 4 min, electrophoresed through a 10% SDSPAGE
gel and then transferred to a PVDF membrane (Amersham Hybond-P, Piscataway, NJ). The
membrane was blocked for 1 hour in 1X TTBS (40 mM Tris-HCl, pH 8.3, 0.5 M NaCl, 0.2%
Tween 20)/5% nonfat dry milk, followed by overnight incubation at 4° C in blocking buffer with
primary antibody (Table 7). The blots were washed 3 times for 15 min in 1X TTBS at room
temperature, incubated with secondary antibody in blocking buffer for 1 hour at room
temperature, then washed 3 times for 15 min in 1X TTBS. Protein was detected with Western
Lightning plus-ECL reagents (PerkinElmer, Inc). Experiments were performed in biological and
technical triplicate and band density analyzed using AlphaVIEW SA software. Two bands were
observed for Cdk-1 and Cdk-2, representing unphosphorylated (lower) and phosphorylated
(upper) forms of each protein (Watanabe, Watanabe et al. 1999; Jamil, Sobouti et al. 2005). In
each case, the lower band was used for band density analysis. Statistical analysis was
performed using a student’s T-test with a significant P-value of <0.05.
Analysis of flatmounted retinas
Retinas from adult Tg(nrd:egfp)/alb zebrafish were collected from either untreated
control fish or light-damaged fish 48 hpL. Eyes were enucleated using bent #5/45 forceps (WPI,
Sarasota, FL) and placed cornea side down on a square #1.5 glass cover slip (VWR, Radnor,
PA) under a light microscope. The optic stalks were removed using McPherson-Vannas curved
microscissors (WPI). One prong of the scissors was inserted into the hole created by removal of
the optic stalk and the sclera and retina were ventrally cut along the choroid fissure to the edge
of the cornea. The eyes were positioned with the cornea side up and the retina and lens were
then separated from the sclera through the ventral cut by gently applying pressure on the lens
through the cornea with two pairs of #55 Dumont tweezers (WPI). The lens was then removed
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from the retinal tissue, which was gently maneuvered to lie flat with the photoreceptor side down
on the glass cover slip. The cover slips were marked with a Sharpie permanent marker to
demarcate the anterior side of the retinal flatmount. The cover slips were placed in 6-well
polystyrene plates and the retinas were fixed in 100 ml of 4% paraformaldehyde at 4° C for 5-8
hours, rehydrated in 1X PBS for 20 min, and then mounted onto Superfrost plus glass slides
(VWR) using Prolong Gold antifade reagent (Invitrogen). Gross inspection and stereoscopic
detection of EGFP was performed using a Leica M205 FA fluorescent stereoscope. Confocal
imaging was performed using a Leica TCS SP2 microscope. The microscope stage was zeroed
with the confocal plane within the INL, which was identified via the unique and invariant cellular
EGFP expression pattern in bipolar cells. Detection of nrd:egfp from rod inner segments was
imaged from confocal planes +21-24 mm and rod outer segments were detected at confocal
planes +40-43 mm. ImageJ was used to analyze the fluorescent intensity of the EGFP-positive
RIS, as previously described (Sidi, Sanda et al. 2008; Forrester, Grabher et al. 2011). Briefly,
images from the anterior and posterior regions of flatmounted retinas (n = 6-8) were imported
into ImageJ as an “Image Sequence” and processed equally to subtract background and set
threshold values. Ne t, using the ROI manager and “Rectangular Sections” tool, 5 nonoverlapping rectangles were drawn on each of the four corners and the center of the image and
saved so that each image could be analyzed for fluorescent intensity within the same five areas.
Finally, each image in the series was analyzed for the fluorescent intensity. Statistical
differences between groups (p < 0.05) was determined by a student’s t-test.
Retinal Dissociation
Retinal dissociation was performed as previously described (Qin and Raymond
2012)Retinas we isolated and transferred to a microscope slide with 150 µL 1x PBS, pH 7.4 on
ice. Each sample (3-4 fish, 6-8 retinas) was then minced with a razor blade, and transferred to
the papain/dispase solution (50 µL papain and L-cysteine mixture, 5 µL 100x dispase, diluted in
445 µL 1x PBS, pH 6.5, incubated at 28.5 °C) in a microcentrifuge tube (tube #1) with a fire
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polished glass Pasteur pipette and incubated on a nutating mixer for 30 minutes. During the
incubation, another 500 µL of papain/dispase solution was prepared for each sample, and kept
at 28.5 °C to activate the solution. In addition, 500 µL per sample of DNase solution (50 µL 10x
papain inhibitor, 20 µL 25x MgCl2, 5 µL 100x DNase I, and 425 µL 1x PBS, pH 7.4) was
prepared and kept on ice.
After the 30 minute incubation, the tissue was triturated 3 times with a fire polished glass
Pasteur pipette, and allowed to settle for 2 minutes at room temperature. Approximately 400 µL
of the supernatant was transferred to a fresh tube (tube #2). The cells in tube #2 were pelleted
at 6000 rpm for 10 minutes at room temperature.

The 500 µL of freshly activated

papain/dispase solution was added to the tissue remaining in tube #1 and incubated at 28.5 °C
for 30 minutes.

The tube #2 was removed from the centrifuge and the supernatant was

removed from the pelleted cells.

The cells tube #2 were resuspended in 100 µL DNase

solution, and incubated at room temperature for 10 minutes. The tissue was triturated once with
a glass Pasteur pipette, and put on ice.
Following the 30 minute incubation, the remaining tissue in tube #1 was triturated 3
times with a glass Pasteur pipette.

Tissue was allowed to settle for 2 minutes at room

temperature. Approximately 500 µL of the supernatant was transferred to a fresh tube (tube
#3), and 100 µL papain/dispase was left with the remaining tissue. Tube #3 was spun at 6000
rpm for 10 minutes, and the supernatant was removed. Cells were resuspended in 100 µL
DNase solution and incubated at room temperature for 10 minutes. The tissue was triturated
once with a glass Pasteur pipette and put on ice. The remaining tissue in tube #1 was allowed
to stand at room temperature for 10 mintues. The tube was tapped until the remaining pieces of
tissue were broken up. Then 200 µL of DNase solution was added to tube #1 and tapped to
mix. The tissue was triturated once with a glass Pasteur pipette and put on ice. The cells
resuspended in DNase solution from tubes #2 and #3 were added to tube #1, with a final
volume of approximately 500 µL. Following isolation, cells were sent for FACS sorting. RNA
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extraction was then performed on FACS sorted cells, and quantitative real-time PCR performed
as described above.
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ABSTRACT
CHARACTERIZATION OF ADULT ZEBRAFISH RETINAL REGENERATION FOLLOWING
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Unlike mammals, zebrafish can regenerate all of their retinal neurons through Müller glial
cells, which respond to retinal damage by re-entering the cell cycle to create clusters of
progenitor cells. The progenitors continue to proliferate as they migrate to the site of damage,
where they ultimately differentiate into new retinal neurons. In contrast, Müller glia of the
mammalian retina respond to injury with reactive gliosis, which if persistent, can lead to loss of
Müller cell function and devastating vision loss. Despite this, multiple lines of evidence suggest
that mammalian Müller glial cells possess a latent ability to regenerate retinal neurons. This
work examines various the signaling pathways that trigger the Müller glia to re-enter the cell
cycle and which molecules are required for retinal progenitors to differentiate into new neurons
during adult zebrafish retinal regeneration. First, we show the Tg(nrd:egfp)/alb zebrafish line is
expressed in multiple areas of the developing zebrafish. In the adult light damaged retina,
Neurod is not expressed in Müller glial cells as they reenter the cell cycle or their immediate
progeny, but is expressed in progenitors of regenerating rod photoreceptors as they exit the cell
cycle and begin differentiating. Next, we provide evidence that combining two previously
described light damage paradigms results in more extensive and consistent across the dorsal
and ventral retina, and a more robust proliferation response from Müller glial cells. Further, we
show that zebrafish Müller glial cells, like the mammalian retina, posses both regenerative and
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gliotic potential. Finally, we show that Shh signaling is not required for Müller glial cell entry into
the cell cycle, but is required for progenitor cell amplification. Additionally, Shh is required for
proper amacrine and ganglion cell differentiation following Ouabain damage. In summary, these
experiments will elucidate the molecular requirements at critical stages in retinal regeneration in
the zebrafish and reveal targets for advances in sight-saving treatments.
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